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Industrial and municipal effluents contain colloidal charged particles, dissolved salts, heavy metals 
and other impurities, which may represent varied health risks and must be removed before 
discharge into the environment. Coagulation and flocculation techniques are highly efficient for 
the treatment of hydrophobic pollutants and suspended particles. Natural based polymers have 
been recognized as green chemicals for wastewater treatment system, which are environmentally 
attractive and financially feasible. 
In this research, lignin, the second most abundant aromatic polymer was polymerized with 
cationic, anionic and non-ionic monomers to synthesize lignin-based macromolecule with desired 
characteristics (i.e., charge density, molecular weight, hydrodynamic radius). The successful 
polymerization reaction was assessed using nuclear magnetic resonance (NMR), Fourier transform 
infrared (FTIR) spectrophotometry, gel permeation chromatography (GPC) and elemental 
analyses. 
The interaction of lignin-based derivatives with different suspended particles and their 
adsorption/flocculation performance in various waste solutions was comprehensively assessed. 
Moreover, a strong correlation between the molecular conformation of lignin-derivatives and their 
flocculation behavior was observed, in which the polymer with more extended configuration 
(larger hydrodynamic radius and radius of gyration) revealed the greater bridging affinity. It was 
also shown that the conformational changes of lignin macromolecules had a remarkable effect on 
its molecular weight and subsequently the flocculation performance and floc properties (e.g., size, 





The effect of chain conformation on the self-assembly of kraft lignin-based polymers in aqueous 
solutions was investigated using a dynamic light scattering (DLS) instrument. The viscoelastic 
properties of the adsorbed polymer on particles assessed by a Quartz crystal microbalance with 
dissipation (QCM-D), was shown to be correlated with polymer conformation. It was revealed that 
the polymer with flexible chain conformation had a more accelerated self-assembly, which 
enhanced its settling performance under both gravitational and centrifugal forces. The rheological 
properties of lignin-based polymers in solutions as well as their thermal behaviour were observed 
to be affected by different morphologies. The compact coil structure of lignin-based 
macromolecule restricted its free molecular movement resulted in higher Tg values. 
The structure of monomers attached to the lignin backbone can also impact the polarity of lignin 
macromolecules after the polymerization reaction. The higher polarity and more flexible random 
coil chain configuration of polymers impacted the better flocculation efficiency of cationic 
hydrolysis lignin in aqueous solutions. The results also showed that the adsorption of lignin 
polymers was decreased by ionic strength increase. In the presence of urea, the hydrophobic 
interaction of cationic hydrolysis lignin and the particles were highlighted, which increased the 
adsorption efficiency of less polar polymer. 
The combination of anionic and cationic lignin in a dual polymer system, as a green and effective 
flocculation system, for ion removals of a model effluent (i.e., Zn2+, Cu2+, and K+) was 
comprehensively studied. The interaction of soluble ions and lignin-based polymers was 
investigated using a Quartz crystal microbalance (QCM), X-ray photoelectron spectroscopy (XPS) 





the dual polymer system of anionic/cationic lignin polymers was a promising alternative for the 
removal of dissolved ions from solutions. 
The findings of the present research prove the possibilities for use of the lignin macromolecule as 
flocculant or adsorbent in various wastewater system and provides more insights into how the 
structural changes of lignin-based derivatives would notably alter their performance in aqueous 
solution and suspension systems. The results shed light on the extending lignin applications via 
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Water contamination is currently of great concern in the world, which is creating endless demand 
of clean water due to increase in population, urbanisation and higher level of living standards.1,2 
The majority of wastewater comes from domestic and Industrial sources, which is contaminated 
by the heavy metals, micro and macroparticles, bacteria, toxic dyes with strong color and the other 
organic and inorganic suspended particles. However, the removal of target contamination is 
challenging due to their complex nature, colloidal and charged properties, poor biodegradability 
and high toxicity.3,4 Recently, many efforts are being taken towards sustainable, efficient and cost-
effective wastewater treatment methods such as flocculation, biodegradation, photocatalytic 
degradation, membrane filtration, ozonation and adsorption.5-11 Among these, flocculation has 
been regarded as a promising process for treating wastewater due to its simplicity and low capital 
cost.12,13  
Previously, inorganic flocculants such as aluminum sulfate, ferric choloride, ferric sulfate and 
ferrous sulfate have been used in water purification and wastewater treatment, concentrating, 
separating a variety of colloidal dispersions, papermaking and mineral processing due to their low 
cost.14,15 However, they may produce large volume of non-biodegradable sludge that requires 
special handling, which also rises the overall costs of the process. Low biodegradability, pH 
sensitivity, and inefficiency in treating some wastewater effluents, are the other disadvantages of 





Recently, numerous petroleum-based synthetic polymers (i.e., acrylamide, diallyldimethyl 
ammonium chloride and polyacrylic acid) have attained extensive use in many industrial 
applications owing to their high water solubility. However, their usage is controversial because of 
their non-biodegradability and their potential public health disorder. 18 Therefore, the natural 
polymeric flocculants has been regarded as a promising flocculant to address those problems. The 
low-cost, abundant, and biorenewable natural based focculants such as cellulose, starch, chitosan, 
rice husk, wheat straw and guar gum derivatives, have been studied in the past. However, the 
applications of these bio-based polymers in food processes, agricultural industries, 
pharmaceutical, cosmetics and papermaking hindered their availability in flocculation process.19 
Lignin, an abundant natural polymer presents in lignocellulosic biomass can be an excellent 
candidate for flocculant productions. Despite its complex structure and low solubility at neutral 
pH, the existence of varied functional such as carboxyl and hydroxyl groups on its structure makes 
it amenable for producing inexpensive, nontoxic, and biodegradable flocculants for wastewater 
systems.20 
In order to optimize the flocculation performance, it is crucial to understand the mechanism 
involved in flocculation process (i.e., charge neutralization, bridging and electrostatic patch). The 
flocculation mechanisms are governed by the adsorption of flocculants on particle.21 It is worth 
mentioning that the adsorption capacity of polymers not only depends on the polymeric flocclant 
characteristics such as the molecular weight, charge density but also on the properties of the 
colloidal systems (i.e., pH, salt concentration, surface charge density, particle size).22 These 
parameters also affect the flocculation performance and floc properties, such as floc strength, 





The main goal of this dissertation was to synthesize renewable, biodegradable, and non-toxic 
lignin-based polymer with unique physiochemical properties to be used as flocculant or adsorbent 
with comparable performance to the commercial ones. The present chapter (chapter 1), provide a 
general introduction about the current research and its importance. The objectives of this research 
study are also presented herein. 
Chapter 2 briefly reviews the general background information on the literature related to the 
current studies. This chapter also discuss the various methods used in literature and in this study 
to analyse the physiochemical characterises of lignin polymers. The instruments that evaluate the 
flocculation/adsorption performance of lignin-derivatives are also discussed.  
Chapter 3 centered on the polymerization of kraft lignin with [2 
(acryloyloxy)ethyl]trimethylammonium chloride (ATAC) or [2-
(methacryloyloxy)ethyl]trimethylammonium methyl sulfate (METAM) to synthesized the cationic 
kraft lignin (CKL) with similar charge densities and different molecular weights in semi dried 
manner. A correlation was observed between the structure of CKLs and their physiochemical 
properties in aqueous solution as well as their ultimate performance as flocculants for kaolin 
particles removals.  
Chapter 4 illustrated that how monomer structure would impact the self assembly, sedimentation 
and interaction of CKL with solid surfaces. The polymer conformation was assessed using static 
light scattering technique which could alter the viscoelastic properties of lignin-based polymers in 
bulk solution and upon adsorption. The impact of conformational changes of lignin 





Chapter 5 focused on the polymerization of hydrolysis lignin (HL) and with [3-
(Methacryloylamino) propyl] trimethylammonium chloride (MAPTAC) or [-2-
(methacryloyloxy)ethyl] trimethyl ammonium chloride (METAC) in an acidic condition to poduce 
cationic hydrolysis lignin (CHL). CHLs with similar charge densities and molecular weights but 
diffrent monomer structures facilitated the investigation on the fate of polarity of CHLs on their 
physicochemical performance in an aqueous system. The polarity difference of CHLs and their 
performance as adsorbent or flocculant was furthure assess using different concentratio of salt and 
urea solutions.  
Chapter 6 provides discussion on functionalization of lignin derivatives for ion removals to 
expedite their use in treating industrial wastewater. In this chapter, kraft lignin (KL) was 
polymerized with [2-(methacryloyloxy)ethyl]trimethylammonium methyl sulfate (METAM) or 
acrylic acid (AA) and the interaction of soluble ions and KL-METAM or KL-AA was investigated 
using a Quartz crystal microbalance (QCM), X-ray photoelectron spectroscopy (XPS) and a 
vertical scan analyzer (VSA). The adsorption, sedimentation, and floc size analyses of KL-
AA/KL-METAM for elimination ions was also discovered in dual polymer system. 
Chapter 7 describes the copolymerization of hydrolysis lignin (HL) with acrylamide (AM) and 
acrylic acid (AA) to produce HAM copolymers having different negative charge densities and 
molecular weights. The successful polymerization of HL with AM/AA was assessed using 
advanced tools, such as, proton nuclear magnetic resonance (1H-NMR), gel permission 
chromatography (GPC) and elemental analyser. The adsorption affinity of lignin-based polymers 
on aluminum oxide surface was probed and the viscoelasticity of adlayer was analysed. The 





investigated in this chapter.  The flocculation performance of the copolymers was also analysed in 
terms of floc strength and reversibility of flocs.  
Chapter 8 draws the overall conclusions from the results obtained in this research thesis and states 
some recommendations for future work. 
1.2 Objectives  
 
1. synthesize kraft lignin-METAM and kraft lignin-ATAC macromolecules via free radical 
polymerization in a semi-dried condition and their characterization in aqueous solution; 
2- assess how a small group (i.e., a methyl group) on the structure of a cationic monomer (i.e., 
METAM) can have a substantial influence on its polymerization with lignin and subsequently on 
the adsorption and flocculation of kaolin particles; 
3- study the influence of molecular architecture of KL-METAM and KL-ATAC on their chain 
conformation, self-assembly, sedimentation, glass transition temperature and rheological 
properties in the bulk solution as well as upon adsorption on SiO2 surface 
4. synthesize and characterize hydrolysis lignin-METAC and hydrolysis lignin-MAPTAC using 
free radical polymerization reaction in semidry manner 
5. investigate how the polarity differences of METAC and MAPTAC influence on their 
physiochemical properties in an aqueous solution or suspension system 
6. study the impact of dual polymeric system containing lignin-based macromolecules with 





7. synthesize and characterize hydrolysis lignin-AM-AA copolymers following free radical 
polymerization; 
8. probe the performance of lignin-AM-AA copolymers as floculant and adsorbent  
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Chapter 2: Literature review 
 
2.1 Introduction  
 
This chapter provides an overview of the literature relevant to the current research of the topic studied in 
this PhD thesis. Firstly, a fundamental knowledge about the colloidal suspension and, in particular, kaolin 
particles, will be discussed. Secondly, the impact of polymer characteristics on the destabilization of clay 
particles will be evaluated. Further, the physicochemical properties of clay particles, polymeric flocculants, 
and their interaction in the colloidal system will be reviewed in this chapter. A general description about 
lignin macromolecule, its production process, the need for modification of lignin polymer and, finally, the 
potential application for modified lignin employed herein.  
A comprehensive description and significance of advanced methods for polymer characterization and its 
performance,  including particle charge detector (PCD), gel permeation chromatography (GPC), nuclear 
magnetic  resonance (NMR) spectroscopy, Brunauer-Emmett-Teller (BET) surface area analyzer, scanning 
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), zeta potential analyzer, static light 
scattering (SLS), dynamic light scattering (DLS), vertical scan analyzer (TURBISCAN), LUMiSizer, 
focused beam reflectance measurement (FBRM), Quartz crystal microbalance with dissipation (QCM-D), 
hybrid rheometer, thermo gravimetric analyzer (TGA), and differential scanning calorimetry (DSC), which 
are used extensively in this work to meet the objectives, will be discussed. 
2.2. Background 
 
2.2.1 Colloidal System  
 
The surface forces between charged particles in an aqueous solution is a central preoccupation of 





science, electrochemistry, polymers, clay dispersions in mining, as well as in the mineral and 
cosmetic industries. The functionality and performance of such systems depends fundamentally 
on solid–liquid and particle–particle interactions. The classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory has served as a backbone of colloidal chemistry, which treats colloid 
stability in terms of a balance of attractive van der Waals forces (VDW) and repulsive electrical 
double-layer (EDL) interactions.1 Accordingly, to make unstable colloidal dispersions, the VDW 
interactions must overcome the EDL ones to obtain the maximum settlement of colloidal particles 
from suspension. Clay, and in particular kaolin, has been considered a key component in industrial 
effluents (i.e., waste tailings and mineral processing operations). Thus, it is crucial to gain a 
fundamental understanding of interactions between the colloidal particles to enhance the colloidal 
instability.2 
2.2.2 Kaolin characteristics 
 
Kaolin, a 1:1 tetraoctahedral aluminosilicate with chemical composition of Al2 Si2 O5 (OH)4, 
consists of individual particles that cannot be divided and is a layered mineral of silicate. It is a 
white soil mineral formed through the chemical weathering of aluminium silicate minerals 
(Al2SiO5) such as feldspar.3 Kaolin or China clay has a low shrink–swell capacity and cation-
exchange capacity. It has one tetrahedral siloxane (–Si–O–Si–) sheet linked through oxygen atoms 
to one octahedral sheet of alumina (Al2O3). The layers of kaolin particles are electrically neutral 
and bonded together via a weak van der Waals force.4 The neutrality of kaolin particles could be 
interrupted by substituting Al with some of the Si units in the tetrahedral sites of SiO2 sheets. The 
basal face containing siloxane structure carries a permanent negative charge due to the 





substitution leads to an occurrence of free electrons on the surface of the tetrahedral–octahedral 
layer. Considering Al substitution for every fourth Si unit in the tetrahedral basal plane, a negative 
charge density is generated on the basal plane. Therefore, the heteropolar characteristic of kaolin 
particles having two crystallographic surfaces would expose to the aqueous media: (1) a pH 
independent basal face containing permanent negatively charged sites and exchangeable cation, 
and (2) a pH-dependent edge containing positive charge density in acidic queues system.4 At the 
edge face of the kaolin particles, the octahedral Al and tetrahedral Si layers are disordered and the 
cleaved bonds subject aluminol (Al-OH) and silanol (Si-OH) groups. The edge crystals are 
believed to carry a positive charge owing to the protonation and deprotonation of the surface 
hydroxyl groups. Increasing the pH results in neutralizing the cationic sites [Al-(OH)2+] and 
consistent discharge of edge particles causes a negative charge density on the surface of kaolin 
crystals using the following reactions:5  
Al–OH + H3O⁺ →Al–(OH2)⁺ + H2O  (1) 
Al–(OH2)⁺ + OHˉ →Al–OH + H2O  (2) 
This phenomenon reveals that kaolin particles can have both positive and negative charges over a 






Figure 2. 1 Diagrammatic sketch of the Kaolin structure  
 
2.2.3 Colloidal stability of clay suspension 
 
As kaolin particles present negative charges, cationic polymers are of great interest for governing 
the colloidal stability in the industrial solid–liquid separation process. Kaolin clay is hard to settle 
and consolidate owing to its colloidal size and anisotropic shape. However, the addition of 
polymers can alter the complex surface properties of kaolin particles and produce a good settling 
performance for relatively low cost.7 Coagulation-flocculation process is one of the most important 
physicochemical methods used in industrial applications to destabilize the colloidal particles 
through charge neutralization, electrostatic patch and bridging or combination of these 
mechanisms.8 In this process addition of floc-forming chemical reagent to the wastewater results 
in agglomeration and settlement of colloidal solids. The flocculation of particle suspensions (i.e., 
kaolin particles) is significantly dependent on various physicochemical parameters such as particle 





molecular weight and hydrodynamic size of the flocculants, adsorption capacity and conformation 
of the adsorbed flocculants.7 
2.2.4 Polymeric flocculants 
 
Polymeric flocculants, especially those with high molecular weight, play a crucial role in water 
treatment processes due to the efficient flocculation for suspensions of inorganic or organic matter. 
In recent years, many studies have been conducted in order to probe flocculation behavior and to 
elucidate the interaction between polymer and substrate. Polyacrylamides (PAMs) are used widely 
in many types of industrial applications, such water treatment, paper manufacture, textile 
production, pharmaceuticals and detergents, building and oil field products, and mineral 
processing.9-12 PAMs are organic substances that are mostly water-soluble. During the flocculation 
process, PAM chains adsorb onto particle surfaces to form large flocs and improvement of the 
separation method. By increasing the polymer chain length (molecular weight), more particles are 
involved in flocculation phenomena, resulting in better flocculation efficiency.13 For instance, 
ultra-high-molecular weight Polyacrylamide (PAM) exhibited the highest settling velocity for 
flocculation of kaolin suspensions compared with the other grades of synthesized PAMs with 
lower molecular weight.14 
2-(methacryloyloxy) ethyl] trimethyl ammonium chloride (METAC) cationic reagent has been 
used previously to produce cationic polymers that distribute a positively charged group along the 
macromolecular backbone.15,16 The same cationic monomer was also used for preparing cationic 
Karaya gum (KG) (a polysaccharide extracted from the stem exudates of the plant Sterculia urens 
of family Sterculiaceae) for removing anionic dyes from aqueous solutions.17 On this subject, 





architecture multiplicity of the polymeric flocculants are related to their final application 
performance.18,19 Flocculants with certain molecular weight, charge properties and chain structure 
(linear or branching) can show different flocculation performance.19,20 Thus, the interaction of 
lignin-based flocculants with clay suspension should be investigated to design the novel high-
performance flocculants and optimize the application conditions in wastewater treatment.  
Table 2.1 lists the modification of natural polymer by copolymerizing/grafting cationic reagents 
to treat negatively charged particles in various effluents. 
Table 2. 1 Various available flocculants and their applications 
Cationic flocculant Waste medium 
Starch-g-GODAC21 Kaolin suspension 
Starch-AM-DMC22 Pulp mill effluent 






Kaolin and bentonite clay suspensions 
Chitosan-g-DMC25 Pulp mill wastewater 
Chitosan-g- METMS26 kaolin and bentonite suspensions 
Chitosan -g-PAD27 zinc phosphate contaminated wastewater 
Chitosan-g-PAMA19 Kaolin and Escherichia coli suspension 
Lignin-g-METAC28 Kaolin suspension 
Lignin-g-GTMAC29 Azo dye 
Lignin-g- CHMAC30 Azo dye 






Biomass is defined as a mixture of organic molecules containing hydrogen, oxygen, nitrogen, 
phosphorous and sulfur atoms as well as small quantities of alkali-, alkaline-earth metals and heavy 
metals. Lignocellulosic biomass consist of fibrous cellulose backbones with a hemicellulose 
covering, which are “glued” by lignin. Lignin, an integral part of the plant cell wall, is considered 
the second most natural and renewable biopolymer next only to cellulose. The key function of this 
complex three dimensional amorphous polymer in woody biomass is providing strength, rigidity 
and resistance to degradation.32 Although, the amount of lignin differs from plant to plant, it 
generally decreases from softwoods (24–33%) to hardwoods (19–28%) to grasses (15–25%).33 
2.2.6 Lignin structure and properties 
Lignin is comprised of three primary monomers: syringyl-(S), guaiacyl-(G), and p-hydroxyphenyl-
(H, also known as p-coumaryl) derived from the monolignols p-coumaryl, coniferyl, and sinapyl 
alcohols (Figure 2.2). The ratio between these units and the molecular weight of lignin differs 
significantly with the type of plant. Despite the exact polymeric structure of lignin being 
undetermined, the key substructures are known.34,35 
 





The primary monomers of lignin are joined together via C–O bonds of a- and b-arylalkyl ethers.36 
The most predominate linkage found in a lignin macromolecule is β-O-4, accounting for roughly 
50% of the linkages.  
 
Figure 2. 3 Schematic representation of the common lignin chemical bonds. 33 
The other common types of linkages are the 5-5, β-5, and the dibenzodioxocin linkage (Figure 
2.3).37 The ratio of linkages in softwood lignin is tabulated in Table 2.238,39  
Table 2. 2 Percentage of different linkages in softwood lignin. 
Linkages Dimer structure Distribution percentage [%] 
β-O-4 Phenylpropane β-aryl ether 45-50 
5-5 Biphenyl and dibenzodioxocin  18-25 





α-O-4 henylpropane α-aryl ether  6-8 
β-1 1,2-Diaryl propane  7-10 
4-O-5 Diaryl ether  4-8 
β-β β-β linked structures  0-3 
 
2.2.7 Lignin production 
 
An enormous amount of lignin is produced annually in the kraft pulping industry. Kraft lignin, 
which is considered to be a non commercialized waste byproduct, is mainly incinerated as a low 
cost fuel in the pulping industry. However, various value-added products can be produced from 
lignin; these include adhesives, plasticisers, dye dispersants, stabilizers, surfactants, epoxy resins 
and superabsorbent hydrogels.40 The black liquor of the Kraft pulping process contains large 
amounts of lignin as well as the residual pulping salts that need to be separated from pulping spent 
liquors effectively and selectively in order to allow the production of value-added products. For 
isolating lignin from black liquor, LignoBoost technology is developed to purify lignin for 
downstream applications .41 
 One of the main hindrances for the commercialization of high‐performance lignin products is 
heterogeneous properties of lignin, including molecular weight, functionality, and thermal 
properties, in respect to different sources and processing methods. The inherent characteristics of 
lignin macromolecule significantly impact the productivity of the biorefinery processes and its 
potential applications. Therefore, this research focuses on the chemical modification of kraft lignin 
through graft copolymerization to improve its solubility in aqueous solutions. Thus, understanding 





the biorefinery process are essential for lignin valorization.42 Since the hydrophobicity and low 
molecular weight of kraft lignin are the two main factors hindering its application in industry,43 
chemical modifications of kraft lignin through graft copolymerization can be employed to 
overcome these difficulties. 
2.2.8 Lignin modification  
 
According to the first full proposed lignin structure,37 lignin is recognized as a highly branched 
polymer with a variety of functional groups including aliphatic and phenolic hydroxyls, 
carboxylic, carbonyl and methoxyl groups.44 The chemical structure of lignin has been determined 
thoroughly using different chemical and spectroscopic methods.45,46  These functional groups offer 
different possibilities for chemical modification and propose that lignin could play a crucial role 
as a new chemical feedstock, particularly in the formation of supramolecular architecture and 
aromatic chemicals. Of various kraft lignin chemical sites, OH groups of phenyl propene subunits 
present the most reactive sites for any reaction. However, the β-O-4 aryl ether linkages and other 
interior bonds can cause conspicuous steric hindrance leading to occupation of these reactive sites 
and subsequently limited reactivity of kraft lignin for modification. 
2.2.9 Free radical polymerization 
 
Numerous modification techniques have been carried out in the past to produce new lignin-based 
products for useful purposes via polymerization. These techniques include chemo-enzymes,47 
irradiations,48 UV radiation,49 and mechanical activation. However, free radical polymerization of 
lignin with functional monomers is recognized as the simplest, most economical and most efficient 
method that can increase both the molecular weight and the number of functional groups on lignin 





with a cationic or nonionic monomer to increase the solubility, molecular weight, charge density 
and hydrodynamic/gyration radius of lignin without adversely affecting its molecular structure. 
Free radical polymerization is a type of chain-growth polymerization technique in which the 
polymer is formed following the addition of monomer molecules to an active, free radical site. 
Free radical polymerization initiate using chemical free radical initiator (i.e., ceric ammonium 
nitrate, potassium per sulfate or hydrogen peroxide) by thermal, chemical or photolytic 
decomposition of initiator molecules.51 It is of the utmost importance to select an initiator system 
to maximize the grafting efficiencies and minimize homopolymer formation during the 
polymerization reaction.28,29  
Recently, the chemical modification of natural polymers via polymerization reaction using 
cationic, non-ionic or both monomers in attempts to produce bio-based flocculants has been 
studied.22,26,28,52,53  
High molecular weight and charge density are two important factors in the flocculation process. 
Polymers of high molecular weight can form bridges between the particles using polymer 
adsorption on the particle surface with an extended conformation.  High or medium-charge density 
polymers can adsorb onto the particle surface to reduce the repulsive electrostatic forces by 
neutralizing the surface charge of the particles.54 To reach this goal, the bio-based flocculants of 
acrylamide and cationic monomers (i.e., METAC, ATAC, METAM, MAPTAC) are the most 
common copolymers having high molecular weight and charge density. For instance, 
Ployacrylamide (PAM) was grafted onto the bamboo pulp cellulose (BPC) by free-radical graft 
copolymerization in homogeneous aqueous solution for wastewater treatments.55 In another report 





(METMS) in a semidry manner for kaolin and bentonite removal from model wastewater.26 
Similarly, a novel bio-based flocculant was also synthesized via copolymerization of [2-
(acryloyloxy)ethyl]trimethylammonium chloride (ATAC) and acrylamide (AM) on chitosan 
backbone for treating zinc phosphate-contaminated wastewater.27 This dissertation aims to study 
the free-radical copolymerization of kraft lignin and one or two monomers. 
2.2.10 Free radical copolymerization of lignin with cationic monomer 
 
The lignin polymers with different properties and structures can be produced in a similar way by 
using different cationic monomers. The polymerization of kraft lignin and [2-
(methacryloyloxy)ethyl]trimethylammonium methyl sulfate (METAM) and [2-
(acryloyloxy)ethyl]trimethylammonium chloride (ATAC) was carried following a free radicle 
polymerization mechanism.56 Compared to ATAC, METAM has one additional methyl substituent 
attached to its structure that may impact the efficiency of polymerization reaction. The proposed 
copolymerization scheme corresponding to this reaction is shown in Figure 2.4. 
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Figure 2. 4 Reaction scheme of lignin and METAM/ATAC  
Likewise, the polymerization of lignin and [2- (methacryloyloxy)ethyl] trimethylammonium 
chloride (METAC) or [3-(Methacryloylamino)propyl] trimethylammonium chloride (MAPTAC) 
was also investigated for producing bioflocculants (Figure 2.5).57 The structural differences of 
METAC and MAPTAC monomers may affect their polymerization performance and the properties 
of induced lignin polymers.  
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Figure 2. 5 Reaction scheme of lignin and METAC/MAPTAC.  





In polymerization reaction of lignin macromolecule and various cationic monomers, the sulfate 
radicals can initially form through heat decomposition. In this way, sulfate radicals take unstable 
hydrogen from phenolic hydroxyl groups of lignin to generate phenoxy radicals. These phenoxy 
radicals that form on the lignin backbone (free radical reaction sites) then react with the cationic 
reagents or propagate monomers to form cationic lignin polymers. The poly-monomer (PMETAM, 
PATAC, PMETAC, PMAPTAC) chain segments, which contain quaternary ammonium groups, 
existing on lignin-based macromolecule would provide cationic charges, water solubility, and a 
high molecular weight to lignin. Moreover, sulfate radicals can initiate the homopolymerization of 
cationic monomers, which are considered undesirable by-products of radical polymerization 
reaction.  
2.2.11 Lignin application 
 
Previously, lignin produced with [2- (methacryloyloxy)ethyl] trimethylammonium chloride 
(METAC) in an acidic environment confirmed that lignin-g-PMETAC polymer was indeed an 
excellent flocculant for kaolin suspension in which the relative turbidity of kaolin suspension 
reached from 1 to 0.2.28 In a similar work,  lignin-based multi-arm 
star copolymers was synthesized as a new kind of cationic flocculant via Steglich esterification of 
phenolated kraft lignin (KL) and subsequent RAFT polymerization with (METAC) for kaolin 
removal from simulated waste solution. It was reported that the lignin-based flocculant with the 
highest degree of polymerization effectively reduced the residual turbidity to 9.8 NTU and led to 
maximum removal efficiency of 96.4% within 1 h settling under the test conditions.58 The 
polymerization of acrylamide (AM), (2-methacryloyloxyethyl) trimethyl ammonium chloride 





on both kaolin and bentonite (2.58 and 1.83 mg/g) and removed the suspended particles from 
kaolin and bentonite suspension (76.9 and 96.2 and wt%).52 Additionally, kraft lignin has been 
used industrially in carbon fiber59 plant-derived plastics and composites,60 binder and resins33 , 
adhesive61  and absorbent (Carrott et al., 2007).62However, producing flocculants or adsorbent 
using lignin macromolecule (i.e., kraft lignin and hydrolysis lignin) was not explored 
fundamentally, which is, in fact, one objective of this PhD work. 
2.3 Fundamentals 
 
2.3.1 Polymer adsorption 
 
During the flocculation process, polymer adsorption onto colloid surfaces is vital. Based on the 
polymer adsorption theory under equilibrium conditions, the amount of adsorbed polymer at 
equilibrium, suspension pH, presence of salts in the system and eventually the surface coverage of 
particles by polymer, are the governing factors.63 In other words, the polymer adsorption can alter 
surface morphology and chemistry of colloidal particles that impact the magnitude of adsorption.64 
Therefore, a fundamental understanding of the interactions between the polymers and the particles 
in the suspensions (i.e., van der Waals attraction, hydrogen bonding and electrostatic ion exchange 
interaction) will help to investigate the effect of adsorption conditions on the stabilization of 
colloidal suspensions. 
2.3.2 Effect of charge density and molecular weight 
 
It is well-known that the charge density and molecular weight of polymers can affect their 
adsorption performance on clay particles and predominant flocculation mechanism.63  Polymers 





particles via formation of tails and loops configuration (Figure 6-a) that are extended far beyond 
the electrical double layer and that can be attached to other particles allowing the flocculation 
process.65,66 However, polymers of medium-low molecular weights and high charge density are 
adsorbed onto the particle surface with a flat conformation (known also as patches) that attract the 
exposed surfaces of other particles as illustrated in Figure 2.6-b.54  
 
Figure 2. 6 Adsorption configuration with high and low charged cationic polymers on a particle surface 
with negative charge density.67,68 
It was reported that for polymers having low molecular weight, bridging would not be favoured 
due to the short macro-ion length and quick strong adsorption.13  
On the other hand, high molecular weight polymers aid flocculation and the subsequent 
sedimentation process that adsorb and configure at a slower pace, hampering the adsorption of 
other approaching polymers from the adsorption medium on surfaces.13,69  
2.3.3 Effect of ionic strength 
Flocculation processes would be further complicated by introducing the ionic strength to the 
colloidal suspension, which usually results in a remarkable loss of polymeric flocculant efficiency 





may lead to shield the repulsion between charged groups along a polymer chain and enable the 
macromolecule to coil up into a tighter, less extended configuration that in turn weakens the 
bridging capability of the polymer. However, the increased ionic strength also decreases the 
electrical double-layer thickness of a particle, which help two particles approach one another more 
closely. By this approach, the bridging distance a polymer must span in order to induce flocculation 
will reduce. In this case, increasing the ionic strength can favor the polymer-induced flocculation. 
Thus, the effect of ionic strength on polymer-induced flocculation is not a straightforward process 
and the net effect depends on the force balance of all interactions.64 
2.3.4 Effect of particle size 
The most representative parameter for analysing the flocculation performance is an enhancement 
in the size of the particle aggregates. Hence, one approach to indirectly monitor the flocculation 
process is to focus on the common factors for all flocculation mechanisms: the change in both the 
average size and the size distribution of the suspended particles, aggregates or floc present in the 
colloidal suspension. As mentioned earlier, the size of aggregated clay particle increases with 
increasing the molecular weight and charge density of polymers. Therefore, the size of a particle 
affects how fast it flocculates and how it interacts with other particles, which are important criteria 
in separation processes. 
Moreover, the evolution of the particle size under shear conditions, after the flocculation process, 
allows the study of the flocs resistant to shear forces. Usually, under turbulent conditions, the 
flocculated particles may break either by disruption of the attachment points on a surface of particle 
or by the scission of covalent bonds within the bridging polymer chains.71 However, the 





on the particle surface. The floc strength and degree of reflocculation is directly interconnected to 
the product quality and process efficiency.72 Floc strength, an important factor to describe floc 
properties,73  is also related to the number and strength of the interparticle bonds.74 Consequently, 
a formed floc will break if the stress applied on its surface (i.e., shear force) is greater than the 
bonding strength within the floc.75 However, no straightforward technique is available to 
characterize the floc strength experimentally.76 In this thesis, the effects of polymer characteristics 
on the floc size formed via interacting lignin polymers and clay particles as well as the floc strength 
in kaolin suspension system are comprehensively studied. 
2.3.5 Effect of polymer structure 
Properties of polymer are governed not only by the type of monomers comprising it but also on 
the structure of a polymer, such as a polymer chain length. The physicochemical characteristics of 
a polymer could be evaluated partly by chain conformation.77 The conformational changes of 
polymers (i.e., shape and size) arise primarily from a balance of interactions between the 
monomers and with the solvent. For instance, flexible homopolymers undergo a major diminution 
in size, known also as “coil-to globule" transition, when the solvent quality alters from “good”, 
which is ideal for monomer–solvent interactions, to “poor”, which favors monomer–monomer 
interactions.78 The overall balance of interactions can also control the morphology of 
heteropolymers, which are chemically more diverse. 
Distribution of the charged groups on molecular structure of polymers can also change their 
configuration in aqueous systems.79 As described in the literature, the physicochemical properties 
of lignin would be altered after the polymerization reaction that help to design polymers with 





flocculant and significantly improve flocculation efficiency, which is discussed fundamentally in 
this research work.  
2.3.6 Relative turbidity 
Settling rate and turbidity removal are ways to measure the performance of a flocculation process, 
and are governed by the floc size distribution.80 The complex function of molecular weight, charge 
density, concentration of polymer and the pH of colloidal suspension are responsible for the 
flocculation efficiency and observed turbidity results.81 It is interesting that with an increase in 
flocculants doses to a certain dosage, turbidity is reduced. However, further increase in the dosage 
of polymer leads to an increase in turbidity again due to the re-dispersion of the formed flocs in a 
suspension system. High shear conditions can also increase the turbidity of a system after 
flocculant addition owing to breakage of formed aggregates.82 There is a great deal of research that 
is focused on the impact of flocculation properties (settling rate, sediment thickness, supernatant 
clarity) of clay suspensions in the presence of cationic polymer. 26,28,83-85 Thus, in order to design 
an effective flocculant to reduce the turbidity of a suspension system, it is important to study the 
effect of flocculant properties on the settling velocity, size and compactness of formed aggregates, 
all of which is investigated comprehensively in this research work.  
2.3.7 Zeta potential concept 
Zeta potential (ζ) is an analytical technique for the determination of surface charge of particles in 
colloidal solution. The surface of a charged particle attracts a thin layer of an opposite charge and 
strongly attaches to it, forming a thin liquid layer known as Stern layer (Figure 2.7) .86 The 
suspended particles in solution are surrounded by an outer diffuse layer that consists of loosely 





as the electrical potential (ψ) of the double layer and determined using velocity measurement of 
the charged particles moving around the electrode across the sample solution in the presence of an 
external electric field.88 The typical value for ζ is in the range of +100 to −100 mV that gives a 
prediction of the colloidal stability.86  
 
Figure 2. 7 Distribution of electrical potential in the double layer region surrounding a charged particle 
showing the position of the zeta potential.89 
Basically, zeta potential technique helps to estimate the surface charge, which can be employed 
for understanding the physical stability of particles in aqueous solution.90 A large positive or 
negative value of ζ indicates good physical stability of the colloidal system owing to electrostatic 
repulsion of individual particles. On the other hand, a small value of zeta potential determines 





among them indicating physical instability.91,92 Despite the zeta potential values, solution 
chemistry and presence of surfactants can also affect the physical stability of colloidal dispersion. 
2.3.8 Effect of polymer characteristics on flocculation of clay suspensions 
As discussed in the literature, addition of cationic polymers to the negatively charged clay 
suspension system introduces more positive charges that can destabilize the clay particles upon 
adsorption, leading to sedimentation of particles from the suspensions and reducing the turbidity 
of the system.93 As stated earlier, the maximum adsorption performance of the polymers on the 
surface of clay particles depends on the charge density and molecular weight of the polymers. 
Thus, to develop an effective cationic flocculant, positive charges and high molecular weight has 
proved to be favourable in flocs formation. 
Suspension stability is very important in the mining and mineral industries to obtain products with 
desired performance. The amount of polymer addition, adsorbed capacity, surface charge density 
and zeta potential of solid particles are all crucial to determine the stability of examined 
suspensions. The surface charge of clay particles affects the flocs formation, structure and 
dispersed stability and will impose additional impacts on the degree of settling, stability and 
interaction with colloidal particles.94 Therefore, one purpose of this PhD study is to provide an 
insight on the flocculation/settlement behaviour of lignin-based polymers with different charge 
density, molecular weight and molecular structure.  
2.4 Methodology 
2.4.1 Charge density analysis  
To measure the charge density of cationic polymers, particle charge detectors, PCDs, have been 





of cationic polymer solution is first poured in the cell of Mütek PCD 03 particle charge analyzer 
and titrated using a standard polymer solution of potassium polyvinylsulfate (PVSK) with opposite 
charge density. This analysis is based on the stoichiometric interaction of standard polymer and 
polymer sample.93 Similarly, to measure the surface charge density of clay particles or the 
insoluble portion of a polymer, a back titration method is applied as reported in the past.15 Since 
the interactions of PVSK and PDADMAC solutions with the charges of clay particles are 
stoichiometrically controlled, they are employed as standard solutions in this measurement.96,97 
First, a clay suspension system is treated with PDADMAC standard solution, having an opposite 
charge density compared with the charge of clay to adsorb on the clay surface. After filtration, the 
exact concentration of PVSK or PDADMAC solution is measured by a PCD instrument, and 
compared with the concentration of PVSK or PDADMAC in the control solutions (i.e. the 
solutions containing no clay). Considering the difference between the concentration of polymers 
in the filtrate and in its control solutions as a result of charge neutralization mechanism, the surface 
charge density of clay particles would be determined.97  
 The amount of phenolic hydroxyl and carboxylate groups changed or generated during 
modification of lignin is determined by using potentiometric titration method as described in the 
literature.29,96 Many researchers have been using this technique to determine the concentrations of 
charged groups present in the unmodified and modified polymers. In this analysis, polymer 
solution first dissolved in KOH and then para-hydroxybenzoic acid as an internal standard. 
Afterward, deionized water adds to the system and is mixed with the prepared solution. The 
solutions then titrate against M HCl standard solution using an automatic potentiometric titrator, 





2.4.2 Modified polymer characterization  
NMR spectroscopy is a reliable and comprehensive technique to powerfully elucidate the polymer 
structure and dynamics of molecules.42 This technique probes the local magnetic environment of 
a nucleus with non-zero magnetic moment in terms of its chemical shift (depending on the amount 
of magnetic shielding and its chemical environment) and line splitting, owing to magnetic coupling 
to the nuclear spins of neighbouring atoms.98 In other words, NMR spectroscopy is employed to 
observe the local magnetic fields around the atomic nuclei of the individual material. This provides 
detailed information of the electronic structure of a molecule and its individual functional groups.99 
X-ray photoelectron spectroscopy (XPS) is a very powerful surface analysis technique extensively 
used to determine the elemental composition and oxidation states of elements at the surface via 
excitation of inner orbital and bonding electrons using a focussed X-ray beam. Characteristic peaks 
in the XPS spectrum can be obtained by measuring the kinetic energy and quantity of electrons 
that are emitted from the top 1–10 nm of the material being investigated.100 The energy and 
intensity of these signals enable identification and quantification of all elements present in the 
surface with the exception of hydrogen and helium. The surface sensitivity of XPS makes it a 
valuable tool in the study of the elemental analysis, chemical composition, and predicted particle 
structure.101 
Thermogravimetry analysis (TGA) is found to be a very powerful method to characterize material 
weight with respect to a combination of temperature and time. TGA is a commonly used instrument 
for investigation of thermal characteristics of a substance under heating environments.102 The 
instrument can elevate the temperature up to 2000°C and analyse the specimen weight up to 1 g. 





and data analyzer. It also consists of a crucible sample pan supported by a precision balance in a 
furnace. A piece of specimen (5 mg test samples) or powder is placed in a platinum basket and the 
temperature is continuously recorded by a thermocouple under the basket. Basically, two types of 
plot will be reported as results: 1) a plot of sample weight against temperature (TGA curve), which 
indicate thermal decomposition temperatures with residue amount as a function of temperature, 
and 2) a derivative plot of the TGA curve that depicts mass loss rate depending on an increase in 
temperature. The other parameters, such as the kinetics of the reaction can also be extracted from 
those curves.103 The schematic principle of TGA is present in Figure 2.8. 
 
Figure 2. 8 Schematic principle of TGA measurement.104 
Differential scanning calorimetry (DSC) is one of the most frequently used techniques in the field 
of thermal characterization of solids and liquids that monitors heat effects associated with phase 
transitions and chemical reactions of materials by changing the temperature. In this analysis, the 
difference in heat flow to the sample and a reference at the same temperature is recorded as a 





decomposition temperature), peaks with positive and negative ΔdH/dt may be recorded. The 
obtained endothermic responses are attributed to a heat effect associated with a specific process, 
such as crystallization or melting.106 The DSC is readily employed to determine the heat capacity 
(Cp) and glass transition temperature (Tg). Glass transition temperature --also defined as “brittle 
points” -- is the temperature in which the material goes from a glassy to a rubbery state. At Tg, the 
physical properties of a polymer undergo dramatic changes. DSC is capable of elucidating the 
factors that contribute to the folding and stability of polymers. Changes in the Cp originates from 
the disruption of the forces stabilizing native structure of polymer.107 
Elemental analysis, also known as carbon hydrogen nitrogen sulfur (CHNS) analysis, is a classical 
destructive method to obtain information about the elemental composition of an unknown 
substance. The obtained results can be both qualitative (determining what elements are present) 
and quantitative (determining how much of each are present). In this technique, a known amount 
of unknown substance is converted to simple, known compounds containing only the element to 
be quantified.79 It can measure the percentage of carbon, hydrogen, nitrogen, and sulfur by 
combustion and subsequent analysis of the gases produced.  However, the elemental composition 
can be influenced by some factors including humidity, by-products of the reaction (i.e., homo-
oligomers or product of the reagent) or residual compounds adsorbed or embedded in the polymer, 
by salts, or by different forms of ionic derivatives.108 This technology is performed in many 
applications such as pharmaceuticals, polymers, food and chemicals. 
Gel permeation chromatography (GPC) is a popular method for measuring the molecular-weight 
distribution of a polymer. Major advantages of GPC method include its relatively low cost, 





a polymer. The principle of this technique is based on separation by molecular size rather than 
chemical properties that enable separation of samples of polydisperse polymers into fractions of 
narrower-molecular-weight distribution.109 In this measurement, the polymer first dissolves in a 
suitable solvent. Then the diluted solution is injected in a flow stream that passes through columns 
with different porous beads containing a rigid gel. The smaller polymer chains are temporarily 
entering the pores in the gel and elute slower. However, the larger polymer chains flow through the 
column with less pore interaction. Hence, the polymeric chains become separated based on their 
size.110 As they exit the gel columns, a refractometer detector determines the relative concentration 
of material. By calibrating the columns with polymers of known molecular weight, the molecular 
weight distribiution of the polymer can be measured. 
By plotting a graph between log molecular weight (Mw) and retention time for standard samples, 
a correlation can be made between size and molecular weight to be used for measuring the 
molecular weight distribution of polymers. To obtain an accurate determination of the molecular 
weight of polymers, the chromatogram is divided into several equidistant slices and the following 
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    (3) 
where N corresponds to the number of polymer chains with molecular weight of M, and wi is the 





sample based on size, which is the ratio of Mw over Mn. In equations 1 and 2, Ni and Mi can be 
obtained from the concentration of molecules measured by the viscometer and refractive index 
detectors associated with GPC.  
Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS), or quasi-
elastic light scattering, is a sensitive, non-intrusive, and powerful analytical tool, which is used to 
determine the nanoparticle size in the colloidal suspension polymeric solution. DLS measures the 
hydrodynamic size of particles by the mechanism of the temporal fluctuations light scattering from 
a laser that passes through colloidal solution. This technology analyzes modulation of the intensity 
of scattered light as a function of time caused by hydrodynamic motions in solution.111 The smaller 
particle can diffuse faster than larger ones and the DLS instrument will generate a correlation 
function, which is connected mathematically with particle size and its time-dependent light 
scattering capacity. In this measurement, DLS uses scattering angles of 90 or 173 degrees using a 
helium–neon laser as a source of light, and Brownian motion of individual particles can be 
converted into particle size using the Stokes–Einstein equation: 
𝑅ℎ =  
𝑘𝑇
6𝜋𝑛𝐷
  (4) 
where, Rh is the hydrodynamic radius of particle solution (nm), D is diffusion coefficient, k is 
Boltzmann’s constant, T is absolute temperature, η is solvent viscosity.112 
DLS has been employed to analyse the particle size in colloidal systems to probe the stability of 
formulations, and to detect the existence of higher order structures such as aggregation or 
agglomeration. The advantages of DLS technique over other hydrodynamic technologies are 





colloids, no calibration and no specific sample preparation requirements in which sample analysis 
can be used under a wide variety of solvent conditions.113 
Static light scattering (SLS), is one of the most widely used techniques that analyse the intensity 
of scattered light as time-averaged intensity for the determination of molar mass, and, in some 
cases, the size of macromolecules in solution.114 SLS instrument measures the angular dependence 
of the excess absolute time-average scattered intensity (known as the Rayleigh ratio Rvv(q)), of a 
dilute polymer solution at concentration C (g/mL) and the scattering angle θ (degree). Rayleigh 
ratio is linked to the weight-average molar mass Mw, the root-mean-square radius of gyration (Rg) 
as well as polymer concentration C according to:  
𝐾𝐶
𝑅𝑣𝑣(𝑞)







2 𝑞2) + 2𝐴2𝐶    (5) 
where K = 4πn2(dn/dC)2/NAλ04, q = 4πn/ λ0) sin(θ/2), NA is Avogadro number, dn/dC is specific 
refractive index increment, n defines as solvent refractive index, λ0 is wavelength of light, θ 
correspond to scattering angle and A2 is considered the second virial coefficient.115 A laser-based 






Figure 2. 9 Schematic of an apparatus for measurement of static light scattering.114 
 
The radius of gyration (R g) parameter is a geometrical quantity defined as an average root mean 
squared distance from the centre of the mass of a macromolecule. This parameter can also be 
obtained via static light-scattering studies where the intensity of scattered light is analysed.116 
The contact angle measurement can be performed to determine the surface hydrophilicity 
(wettability by water) using an optical tensiometer. Wetting indicates how a liquid deposited on a 
solid (or liquid) substrate spreads out. In other words, it is defined as the ability of liquids to form 
boundary surfaces with solid states. The contact angle refers to the angle between the tangential to 
the liquid surface and the solid surface at a point where a liquid-vapor interface meets 
a solid surface as depicted in Figure 2.10. Generally, water is used as a liquid for this analysis117 





𝛾𝐿𝐺𝑐𝑜𝑠𝜃𝑐 =  𝛾𝑆𝐺 −  𝛾𝑆𝐿   (6) 
where γ is the interfacial tension, and the subscript SG, SL, and LG are the interface between solid-
vapor, solid-liquid, and liquid-vapor, respectively and θC represents the contact angle.  
 
Figure 2. 10 contact angle measurement on a smooth homogeneous solid surface.117 
Contact angle value less than 90° indicates that wetting of the surface is favorable (i.e., hydrophilic 
nature of solid surface). While, the contact angle larger than 90°, shows that wetting of the surface 
is unfavorable and solid surface is more hydrophobic in nature. Thus, the contact angle between a 
liquid and a solid is dependent on both the nature of the liquid and surface properties of the solid.118 
A hybrid rheometer (TA Instruments) is employed extensively to perform the rheological studies 
of polymers. In this research, a rheometer device equipped with a cylindrical geometry (cone 
diameter, 28.03 mm; cone length, 41.96; angle, 1°; gap, 5500 μm) was used to analyse the 
viscoelastic properties of lignin-based polymers. Generally, rheology is a scientific discipline that 
focuses on the flow of fluids. The rheology of polymeric fluids is quite complicated as these 
materials exhibit many unusual features related mostly to their molecular structure. Polymers 
usually have a viscoelastic property, which exhibits both viscous and elastic features. These 
characteristics are evident when a polymeric fluid is displaced slightly and then all forces acting 





material to retract to its original dimensions is defined as Elasticity. If elasticity is not detected, 
then the fluid is completely viscous. Storage moduli (G′) is the elasticity property that describes 
the amount of energy stored in the elastic structure, and loss (G″) moduli represents the magnitude 
of energy dissipated by the material in a cycle of deformation.119 In addition, G′ > G″ reflects the 
more elastic behavior of testing material and the crossover of G′ and G″ describes the gel-like 
structure of polymer. The loss tangent (tan δ), which is the ratio of G″/G′ comprehensively, 
illustrates the viscoelastic characteristics of the polymer. Basically, when tan δ is lower than 1, 
then G′ > G″, exhibiting elastic characteristics; when tan δ is higher than unity, then G″ > G′, 
indicating viscose behaviour of a polymeric system.120 
2.4.3 Clay properties 
 
Brunauer-Emmett-Teller (BET) method aims to indicate the physical adsorption of gas molecules 
on a solid surface (i.e., clay particles), which obtained from gas adsorption isotherm, (i.e., typically 
nitrogen) and serves as the basis for an important analysis technique for the measurement of the 
specific surface area of materials. This method is used widely for systems with multilayer 
adsorption, and usually utilizes probing gases that do not chemically react with surface of 
adsorbates to quantify specific surface area.121 Nitrogen is the most commonly employed gaseous 
adsorbate for this purpose. Specific surface area is a scale-dependent property depending on 
porosity, pore size distribution, shape, size, and roughness. The role of the specific surface area is 
critical in many applications, such as catalysis, gas storage, gas separation, drug delivery, 





Specific surface area and particle size are two important factors for characterization of materials 
that are related to adsorption capacity and speed. Thus, the smaller the size of the material, the 
higher the surface area would be.123 
Scanning electron microscope (SEM) is an indispensable instrument for the characterization of 
materials in the range of nanometer to micrometer scale. SEM helps examine the microstructure 
morphology and chemical composition of clay particles.124 At relative lower magnification, SEM, 
can provide a large field of view, while at higher magnification, it can get high-resolution images 
of local structures. In this analysis, a completely dried sample is coated with a 40–60 nm thick 
layer of carbon or metal, such as gold or palladium, under vacuum and analyzed using SEM-EDX 
technique.113 
When this instrument is used in conjunction with other related techniques of energy-dispersive X-
ray microanalysis (i.e., EDX), the specimen is bombarded with an electron beam inside the 
scanning electron microscope. In fact, the electron beam hits the incident electron beam of a 
specimen and transfers the electrons present in the inner shell of atoms to the outer shell. The void 
generated in the lower shell is occupied by a higher-energy electron from an outer shell of 
specimen atom via releasing energy in the form of X-rays. Atoms of each element in the particles 
emit X-rays with unique amounts of energy in the transferring process that helps identify the 
composition or orientation of individual crystals or features. 113,124 
2.4.4 Properties of clay suspensions 
 
Zeta potential represents the surface charge of colloidal particles indicating their long-term 





by Derjaguin, Verwey, Landau, and Overbeek, the stability of particles in suspension depends on 
the total potential energy function VT as presented in equation 7: 
𝑉𝑇 =  𝑉𝐴 + 𝑉𝑅 + 𝑉𝑆  (7) 
where VA, VR and VS are the attractive forces from van der Waals interactions, the repulsive energy 
from the electrical double layer of particles (i.e., when they are brought close by Brownian 
motion), and the potential energy from the solvent, respectively. An equilibrium is reached 
between these two opposing forces when the particles move with constant velocity. This velocity 
of the particle is also named as electrophoretic mobility (µ). Accordingly, the Smoluchowski 
approximation is used to calculate the zeta potential (ζ) from the measured electrophoretic mobility 




  (8) 
where ε is the dielectric constant and η stands for absolute viscosity of the medium.125 
The aggregation of clay particles can be monitored using a photometric dispersion analyzer (PDA). 
In this setup, a PDA instrument is connected to a dynamic drainage jar (DDJ) and fitted with a 70-
mm mesh screen. Clay suspension is pumped from a DDJ cell through a 3mm transparent plastic 
tube into the photocell of the PDA that measures the fluctuations of transmitted light. Changes in 
the intensity of transmitted light identifies two major components: VDC that represents average 
transmitted light intensity and VRMS defines the root mean square of the fluctuations in transmitted 
light. The considerable increase in the proportion of Vrms to Vdc signal known as ratio (R) or 








  (9) 
For dilute systems, correlation of ratio and the square root of the concentration are linear. For 
polydisperse systems, R value is approximately linear with radius of flocs. 
𝑅 ≈ 𝐶𝑁1/2𝑎  (10) 
Where N is the number of particles, and C is a constant.127 
After reaching equilibrium, the polymer (i.e., flocculant) added and the ratio is measured every 
second until it reached the plateau. As time elapses,  a significant increase in the size of flocs 
occurs and the flocculation rate, ki, is determined. The stability ratio (W) for a specific flocculation 
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where kfast is the fastest maximum growth rate in flocculation process defined by log W=0. In this 
system, log W=∞ represents the stable kaolin suspension.127,128 
Variation in the direct current (DC) voltage of the PDA instrument also expresses the flocculation 
behaviour of kaolin particles through changing the relative turbidity of the suspension. In this set 
of experiments, the addition of kaolin suspension to the photocell of PDA decreases the initial base 
DC voltage (V0) to a new DC voltage (Vi). After that, varying dosages of cationic polymer are 





(Vf) of the final dispersion. The relative turbidity of the system τr can be measured using equation 
12:25 






   (12) 
Where τf and τi are the final and initial suspension turbidity, respectively. 
Focused beam reflectance measurement (FBRM) is a versatile technique developed for ‘in situ’ 
particle monitoring of chord length distribution (CLD) and rate of change in crystal size in real-
time. The principle of FBRM technique is presented in Figure 2.11, which works based on light 
backscattering using a revolving laser beam. The latter is projected inside the suspension through 
a sapphire window at the end of the FBRM probe. The focused beam rotates at a constant speed 
of 2 m/s and particles pass by the window surface. The beam intersects the edge of a particle which 
begins to backscatter laser light until the beam reaches its opposite edge. The reflected light from 
the particles is collected by the FBRM optics and converted into an electronic signal. The particle 
backscattering time is multiplied by the optical rotating laser scan speed and the result is a chord 
length. Chord length is defined as a straight line between any two points on the edge of a particle 
or particle structure. During the monitoring time, measured chord lengths are recorded and a chord 
length distribution (CLD) is obtained in real time. Thousands of chord lengths can be measured 
per second producing a histogram and are organized in channels (size intervals).  The effect of 
particle shape, particle refractive index, dispersion media refractive index, focal length, suspension 
concentration and particle size on chord length distributions has been investigated to relate chord 






Figure 2. 11 Schematic representations of FBRM probe and chord length measurement.130 
To study suspension behaviour and to determine sedimentation speed vertical scan analyzer 
Formulation, France, is widely used as described in the literature.131 This optical analyser 
instrument can detect and measure the modifications of concentrated and opaque suspensions. It 
carries out step-by-step vertical scanning of the whole sample via a pulsed near-infrared light 
source (λ = 850 nm) and converts the macroscopic aspects of the suspension system into two 
graphics. Acquiring transmission and back scattering profiles come respectively from the 
transmission and back scattering detectors. The former detector receives the light going across the 
sample (at 180° from the incident beam), while the latter obtains the light scattered backward by 
the sample at 45° from the incident beam (Figure 2.12).132 The higher transmission zone indicates 
less stable suspension (i.e., clay suspension) owing to the sedimentation of particles. The 
transmittance and backscattering profiles are recorded as a percentage of transmittance signals in 
regard to that of the reference chemical, silicon oil. These two profiles are also used for 
determining the destabilization index (DSI) and average particle diameter using the turbisoft 





𝑇𝑆𝐼 =  ∑
∑ |𝑆𝑐𝑎𝑛𝑖(ℎ)− 𝑆𝑐𝑎𝑛𝑖−1(ℎ)|ℎ
𝐻𝑖
       (13) 
where scani (h) and scani−1 (h) are the transmission signals for two consecutive time intervals at a 
given height (h) and H is the entire height of measuring sample. 
 
Figure 2. 12 Measurement principle diagram of the Turbiscan Lab Expert type stability analyzer.134 
The evaluation of the separation behaviour of a dispersion plays a vital role in the optimization of 
processes and their products. LUMiSizer® is a powerful tool to assess the stability of the 
dispersions. LUMiSizer records the variation of transmitted light over time and space in 
transmission profiles and provides information on the separation process kinetics using a 
centrifugal separation analysis (CSA). This approach allows for the calculation of the particle 
migration velocity, which is intimately related to particle size distribution.135 This technology is 
developed for quick characterization of any demixing phenomena (i.e., sedimentation or flotation). 
Using this multisample analytical centrifuge, the velocity distribution in the centrifugal field as 
well as of particle size distribution can be easily determined.136 LUMiSizer® employs the STEP-





different samples simultaneously at constant or variable centrifugal force (up to 2300 g). Parallel 
near-infrared (NIR) or blue light (𝜆 of 880 nm) illuminates the entire sample length and the 
transmitted light is detected by the 2087 sensors of the charge-coupled device line (CCD-line) 
detector.137 
The shape and progression of the transmission signals provides valuable information about the 
kinetics of the separation process and facilitates particle characterization. By tracing the variation 
in transmission profile at any part of the tested sample or the movement of any phase boundary, 
the separation performance of the individual samples can be compared and carefully analyzed. 
Considering the extinction profiles, clarification velocity, sedimentation and flotation velocity of 
particles, residual turbidity and separated phase volume (liquid or solid) can be quantified.135 The 
measurement principle of the STEP-Technology® used in the LUMiSizer® is presented in Figure 
2.13.  
 
Figure 2. 13 Schematic configuration and measurement principle of the LUMiSizer®.138 
Quartz crystal microbalance (QCM) is a highly versatile and sensitive tool that uses acoustic waves 
generated by oscillating a piezoelectric, single crystal quartz plate to measure mass. The QCM 





circular piece of quartz is sandwiched between two metal electrodes. QCM-D can monitor 
processes in real-time via measuring changes in frequency and energy dissipation of the system 
composed by the surface adsorbed on a piezoelectric quartz sensor. By applying alternating electric 
fields to quartz sensor a mechanical oscillation of characteristic frequency can be produced on the 
crystal. When a change on the mass occurred at interface, a frequency shift from the fundamental 
resonant frequency of the crystal (Δf) can be detected to quantify mass changes. The Sauerbrey 
equation correlates frequency change (Δf) and mass change (Δm), where negative frequency shift 
relates to the mass increase:  
𝛥𝑚 =  − 
𝐶𝛥𝐹
𝑛
  (14) 
In this equation C is the mass sensitivity constant of crystal (17.7 ng/ Hz ×cm2) for a 5 MHz quartz 
crystal sensor and n is the frequency overtone number (up to the 13th overtone). This equation is 
applicable for the adsorbing thin film with limited viscoelastic coupling from the surrounding 
medium.139 Moreover, QCM-D simultaneously monitors the viscoelastic properties of the thin film 
adsorbed on sensor via recording changes in the energy dissipation factor (D) following equation 
15: 
𝐷 =  
𝐸𝐷
2𝜋𝐸𝑠
  (15) 
where ED and ES are the energy dissipated and the amount of energy stored in the oscillating 
system, respectively. Voigt viscoelastic model is used for model soft and thick polymer in Q-Tools 






Figure 2. 14 Schematic representation of QCM-D principle and related plots 
 
2.5 Summary 
The development of sustainable processes for renewable alternatives to petroleum-based material 
has attracted considerable attention as a result of the increasing environmental impact and 
economic volatility of crude oil. Lignin, an abundant by-product of the biorefinery, has now 
become a promising alternative for the sustainable product development, which can be used in 
industrial applications. This chapter presents a review of relevant literature, which outlines the 
modification process of lignin macromolecule to produce cationic lignin-based products using 
different methods. The study framework, however, focuses on the potential application of lignin 
macromolecule as a flocculant or adsorbent to treat various wastewater systems. Moreover, the 
fundamental knowledge related to the colloidal suspension, the significance about the stabilization 





was reviewed in this section. A fundamental understanding of the adsorption and flocculation 
process, along with the main mechanisms involved, were presented in this section. Furthermore, 
the description and significance of advanced techniques, which were extensively used in this 
research thesis to meet the objectives, were fundamentally discussed in this chapter.  
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Chapter 3: Phenomenological Changes in Lignin Following Polymerization 




In present work, cationic kraft lignin (CKL) macromolecules were produced via polymerizing kraft 
lignin (KL) with [-2-(Acryloyloxy)ethyl] trimethyl ammonium chloride (ATAC) or [-2-
(methacryloyloxy)ethyl] trimethyl ammonium methyl sulfate (METAM). Despite slightly 
different charge densities (2.3-2.5 mmol/g) of CKL, lignin-METAM (KL-METAM) had a 
significantly larger molecular weight and radius of gyration. A correlation was observed between 
the structure of CKLs and their impacts on the surface hydrophilicity of kaolin particles. In 
interacting with kaolin particles, KL-METAM generated larger and stronger flocs with looser 
structures than did KL-ATAC. Compared to ATAC, METAM had one additional methyl 
substituent on its structure, which provided fundamental evidence on how a small group (i.e., a 
methyl group) on the structure of a cationic monomer can have a substantial influence on its 
polymerization with lignin and subsequently on the efficiency of the induced macromolecule as a 
flocculant in a kaolin suspension system.  
Keywords: Lignin, Polymerization, Flocculation, Cationization, Macromolecules structure, 
Surface and interface 
3.2 Introduction  
 
Recently, the development of advanced wastewater treatment systems has attracted considerable 
attention due to the growing environmental concerns of wastewater.1,2 Kaolin particles have been 





for instance, papermaking and mineral processes, owing to their small sizes and anisotropic 
shapes.1 Kaolin particles have various properties consisting of both positive and negative charges 
at the edge and on the basal face of the particles.3 When interacting with flocculants, these charges 
would be affected. Extensive research has been carried out to treat wastewater following different 
pathways, such as flocculation,4-6 biodegradation,7,8 photocatalytic degradation,9-11 ozonation12, 
and adsorption.13 Of available methods, flocculation is industrially attractive and financially 
feasible.14-16 Recently, the use of natural flocculants was recognized as a green solution for treating 
various effluents.14-16 
Lignin is a three-dimensional amorphous natural macromolecule that has the largest reservoir of 
aromatic product in the world.  The most substantial volume of lignin is produced commercially 
in the kraft pulping process.17-19 The recent surge of interest for the utilization of this 
biodegradable and renewable resource has led to the development of various lignin products.20-22 
Although this macromolecule is quite complicated in structure, the existence of varied functional 
groups, in particular, carboxylic acid and hydroxyl groups, on its structure makes it amenable for 
modification.23 For lignin valorization, the chemical modification is widely used to introduce 
reactive functional groups on lignin structure.24 Among kraft lignin (KL) modification processes, 
amination is one of the most promising methods,25,26 which was considered for altering lignin’s 
properties in this work.   
Considerable research has been exploited in understanding the physicochemical properties of 
polymers.27-32 Polymer characteristics depend not only on the type of monomers comprising it but 
also on the structure of a polymer, such as a polymer chain length.33,34 Numerous studies 





polymerization reaction. For instance, various copolymers of phenolated kraft lignin-graft-poly (2-
methacryloyloxyethyl) trimethyl ammonium chloride (PKL-g-PDMC) were produced with 
different grafting densities and arm lengths of the PDMC chain.35 In an alternative approach, the 
polymerization of lignin and acrylic acid (AA) changed the molecular weight and molecular 
weight distribution of lignin macromolecule significantly.36 However, two cationic monomers of 
[2-(acryloyloxy)ethyl]trimethyl ammonium chloride (ATAC) and [2-(methacryloyloxy) ethyl] 
trimethyl ammonium methyl sulfate (METAM) have not been studied for the polymerization of 
lignin. Compared to ATAC, METAM has one additional methyl substituent attached to its 
structure. This additional group may affect the polymerization of the cationic monomer with lignin 
and hence influence its polymerization efficiency (Scheme 3.1). 
Studies are available on correlating the properties of lignin macromolecules and their behavior in 
solution and suspension systems. For example, the lignin-acrylic acid macromolecule had a larger 
hydrodynamic diameter (Hy) compared to unmodified lignin.37 It was also reported that the 
molecular shape of lignin macromolecules was directly related to the Hy of them in that a 
macromolecule with a larger Hy had a looser molecular shape.38,39 Moreover, the radius of gyration 
(Rg) and size of lignin macromolecules strongly depend on the degree of polymerization of 
macromolecules.40 It was observed that, for different fractions of acetylated lignin, the imperfect 
correlation of Rg value and molecular weight (Mn) was attributed to its varying degrees of 
branching.41 The chemical alteration was also used to improve the water solubility and surface 
activity of lignin.42 In one study, the impact of grafting density and molecular weight of lignin 
polymerized with hydrophilic monomers, such as acrylamide and acrylic acid, on the surface 
tensions of water was investigated.43 In another study, kraft lignin-acrylamide (KAM) synthesized 





tensions in aqueous solutions.44 In that study, the authors stated that KAM macromolecule with a 
higher molecular weight and charge density impacted the hydrophilicity of kaolin particles more 
dramatically by reducing its surface tension more greatly.44 These studies suggest that the 
polymerization of lignin may generate lignin macromolecules with altered physicochemical 
behavior in aqueous systems. In this regard, it is unclear if lignin-ATAC and lignin-METAM 
macromolecules would behave similarly in an aqueous system.  
In a flocculation process, when the particles and polymers are subjected to the shear stresses and 
mixing, they will move, rotate, and collide at different rates.45 As a result of these interactions, 
polymeric flocculants and suspended particles can form large flocs with a three-dimensional 
network structure.15 Flocs generated using a polymer with a larger molecular weight can be larger 
and have a looser structure.46,47 The porosity or compactness of flocs can also affect their settling 
velocity as fluid can easily pass through the networks of porous flocs.48,49 It is interesting to note 
that the configurational changes of polymers caused by altering polymeric chain, chemical 
composition and morphology can also affect their flocculation behavior and floc properties, such 
as floc strength, structure, and sizes. Previously, lignin-diallyl dimethyl ammonium chloride-
acrylamide (LDA), a cationic macromolecule with a broad structure, was synthesized and used as 
a flocculant for humic acid removal, which resulted in the formation of flocs with an open structure 
and strong anti-shear affinity.50 In another work, the polymerization of lignin with acrylamide 
(AM) and (2-methacryloyloxyethyl) trimethyl ammonium chloride (DMC) produced a water-
soluble flocculant for a clay suspension via inducing strong and large size flocs that showed high 
regrowth affinity at different shear rates.51 Recently, kraft lignin was polymerized with 





the lignin-METAC macromolecule was a promising flocculant for treating kaolin suspensions.52 
This work also covers the fundamental chemistry of lignin-METAC polymerization reactions.52 
However, there is no information available for relating the structure and performance of cationic 
monomers in polymerizing with lignin for novel flocculant productions. In the present study, 
particular emphasis was dedicated to investigating how this extra methyl group on METAM 
(compared to ATAC) would impact the polymerization efficiency of the monomer with lignin and 
ultimately the properties of the resulting lignin macromolecules. To have a better understanding 
of the flocculation process, the features of flocs should be analyzed fundamentally. Here, we aim 
to explore the properties of flocs formed in the flocculation of the kaolin suspension by the novel 
cationic kraft lignin (CKL) macromolecules. The primary novelties of the present work are 1) the 
introduction of a new cationic lignin-based flocculant, 2) the study on the impact of the methyl 
substituent of a cationic monomer on its polymerization with lignin and 3) the investigation on the 
impact of methyl substituent of CKL on the flocculation performance of CKL in a kaolin 
suspension. The mechanism of the flocculation process for the newly developed lignin-based 
macromolecules is also covered in the present study. 




Kraft lignin (KL) was received from a Canadian mill located in Alberta, Canada. [2-(acryloyloxy) 
ethyl]trimethyl-ammonium chloride solution (ATAC), 80 wt.% in H2O, poly diallyl dimethyl-
ammonium chloride (PDADMAC, 100,000–200,000 g/mol), 20 wt.% in water, sodium persulfate 





nitrate, potassium hydroxide (8 M), hydrochloric acid (37%, reagent grade), para-hydroxybenzoic 
acid and kaolin clay (325 mesh) were purchased from Sigma-Aldrich Company. Acetic acid was 
provided from Fisher Scientific company. Wako Pure Chemical company, Japan, provided 
potassium polyvinyl sulfate (PVSK, 100 000-200 000 g/mol, 97.7 wt.% esterified). Dialysis 
membrane (Cut off of 1000 g/mol) was received from Spectrum Labs. Ethanol (95 vol.%) was 
obtained from Fisher Scientific company. [2-(methacryloyloxy) ethyl] trimethyl ammonium 
methyl sulfate (METAM) was purchased from BOC science Company, USA. Deionized water 
(resistivity ≥18 MΩ cm) was used for all the experiments conducted in this study obtained from a 
Millipore water purification system.  
3.3.2 Lignin Polymerization 
 
In this study, lignin was polymerized with the cationic monomers in a semi-dry manner.53 The 
amount of water was 40 wt.% (i.e., 60 wt.% solid content). A 2 g sample of KL was mixed with 
cationic monomers (2/1 wt./wt. cationic agent/lignin), and the desired amount of water was added 
to the system to make a 40 wt.% concentration in all reactions. The pH of the system was adjusted 
to 3. Afterward, a predetermined amount of potassium persulfate (0.03 g) was added to the system 
as an initiator, and the solution was deoxygenated by purging with nitrogen gas for 10 minutes. 
Then, the system was placed in a water bath, and the polymerization reaction was conducted at 80 
°C for three hours. After completion, the system was immersed in cold water for 15 min. Ethanol 
(80 vol % in water) was added to the system, which precipitated cationic lignin from the reaction 
solution.52 Our previous findings confirmed that KL was not soluble in ethanol, however, the 
cationic homopolymers and unreacted cationic monomers were soluble in the reaction mixtures 





the CKL samples and the systems were mixed well to dissolve the remaining cationic 
homopolymer and unreacted cationic monomer from the collected CKLs in ethanol. After mixing, 
the systems were centrifuged at 3500 rpm for 10 min to precipitated treated CKLs. After that, the 
solution was neutralized using 0.1 M NaOH solution (pH=7) and further purification of the CKL 
macromolecules were conducted using membrane dialysis tubes for 48 h to remove any unreacted 
cationic monomers and salts from CKLs. This arrangement was conducted to ensure the best 
possible purification of CKLs. Then, the dialyzed cationic lignin was freeze-dried.  
3.3.3 Characterization of Macromolecules and Kaolin 
 
The charge density, molecular weight, nitrogen content, and the phenolic hydroxyl group content 
of KL and CKL were determined.53 The radius of gyration (Rg) and hydrodynamic diameter (Hy) 
of macromolecules were also assessed with static and dynamic light scattering, respectively, and 
the details of these analyses are available in the Supplementary Materials of this work. Kaolin 
particles were characterized in terms of their potential in solutions, as also explained in the 
Supplementary materials file. 
3.3.4 Surface Tension and Contact Angle Measurements 
 
The surface tension and contact angle of samples (1 wt.% aqueous solution) were analyzed using 
a tensiometer instrument. The surface tension of the kaolin sample was also determined using the 
tensiometer's OneAttension software with the generated data of contact angle analysis. The 
dispersive component, 𝝈𝑺𝑫, of the surface tension of kaolin was determined using equation 1: 









in which 𝝈𝑳 is the surface tension of liquid and 𝜽𝒅 is the contact angle between liquid and coated 
surface. In this equation, the data of diiodomethane (50.8 mN/m) was used for determining 𝝈𝑺𝑫. In 
addition, the polar component of the surface tension of diiodomethane was determined following 
the Fowkes’ model (equation 2):54,55  






𝑷                                                             (2) 
where 𝝈𝑳  is the overall surface tension of the liquid (in this case, water), 𝜽𝒘, is the contact angle 
between water and coated surface, 𝝈𝑳𝑫 (26.4 mN/m) and 𝝈𝑳𝑷 (46.4 mN/m) are dispersive and polar 
components of water, and 𝝈𝑺𝑷 represent polar components of the surface energy of the solid 
surface.56 By considering 𝝈𝑺𝑫 and 𝝈𝑺𝑷, the total surface energy of solid surface, 𝝈𝑺 , was determined. 
The interfacial tension between kaolin and droplets of CKL containing solutions was then 
determined following the Young equation (3):  
                                                      𝝈𝑳  𝒄𝒐𝒔𝜽𝒑 =  𝝈𝑺 +  𝝈𝑺𝑳                                                          (3) 
wherein 𝝈𝑳 and 𝝈𝑺 are the overall surface tension of liquid (CKL) and solid (kaolin) respectively, 
𝝈𝑺𝑳 is the interface tension between solid and liquid (polymer solution) and 𝜽𝒑 is the contact angle 
between the polymer solution and the kaolin surface. 
3.3.5 Flocculation 
 
The flocculation analysis was performed using a photometric dispersion analyzer (PDA 3000, 
Rank Brothers Ltd), which was attached to a dynamic drainage jar (DDJ). The flocculation 
behaviour of the suspension and floc properties were also analyzed under different conditions by 





beam reflectance measurement, FBRM, Mettler Toledo, E25 as explained in the Supplementary 
Materials. 
3.4 Results and Discussions 
 
3.4.1 Synthesis and Characterization of KL-METAM and KL-ATAC 
 
Polymerization was performed under the conditions of cationic agents/lignin ratio of 1.6 mol/mol, 
3 h reaction time, 80 °C reaction temperature, pH 3 and 60 wt.% KL concentration in water. These 
conditions were reported to be optimum for the polymerization of kraft lignin with METAC, which 
has a similar chemical structure to METAM.52 The details of the polymerization mechanism are 
available in Scheme 3.1. As can be seen, these cationic macromolecules have only one quaternary 
ammonium group in their repeating unit, but different chain lengths and structures.  
Table 3.1 lists the properties of cationic lignin macromolecules. The charge densities of KL-ATAC 
and KL-METAM were 2.3 and 2.5 mmol/g, while their grafting ratios were 43 and 45 mol%, 
respectively. The alkenyl group of METAM monomer is more stable when forming radicals due 
to the existence of neighboring atoms that can donate an electron. Thus, the polymerization 
efficiency of METAM was higher, which yielded a higher grafting ratio and slightly higher charge 
density for KL-METAM than for KL-ATAC. Our previous results confirmed a 20-30% 
homopolymerization yield during the cationic polymerization of unmodified kraft lignin (KL) with 
METAC under similar reaction conditions.52 However, we did not record the yield of 







       



















Scheme 3. 1 Reaction scheme of lignin and METAM/ATAC to produce a) KL-ATAC b) P-ATAC c) KL-
METAM and d) P-METAM 
KL was highly soluble in water at pH 7. In the past, acid washed lignin was reported to be insoluble 
in water,52 but as our lignin source was unwashed and deprotonated (i.e., in sodium form), and it 
had 90% solubility in water at a 10 g/L concentration. The solubility of lignin did not change after 
polymerization implying that CKLs had similar solubilities in water. Results also demonstrated 
that the nitrogen contents of KL-METAM originating from cationic agents attached to the 
polymers was slightly higher than that of KL-ATAC. The phenolic hydroxy group content of lignin 
was decreased from 1.63 mmol/g for KL to 0.55 and 0.77 mmol/g for KL-METAM and KL-
ATAC, respectively. KL-METAM had a higher molecular weight (824× 103 g/mol) compared to 








KL-ATAC (657× 103 g/mol) implying that the extra methyl group notably contributed to the 
molecular weight enhancement of the cationic macromolecule. It is worth mentioning that the 
higher molecular weight of KL compare to what was reported in other studies, 36,42,52may 
originated from its high content of impurities, which are generated during the extraction process. 
To have insights into the effect of -CH3 on the molecular weight of CKL macromolecules, the 
number of PMETAM or PATAC-side chains of KL-METAM and KL-ATAC were determined 
theoretically.52 Considering the grafting ratio and the molecular weight of C9 unit of lignin as well 
as that of METAM and ATAC, the molecular weight of lignin that had only one group of METAM 
or ATAC attached to it was determined to be 258 and 247 g/mol, respectively. Based on the Mn of 
KL-METAM and KL-ATAC macromolecule, Mn of KL (Table 3.1) and Mn of KL-METAM and 
KL-ATAC subunits, the number of repeating monomer units of METAM and ATAC in KL-
METAM and KL-ATAC was determined to be 747 and 644, respectively. These results confirmed 
that the existence of one extra -CH3 on the METAM improved its chain growth on lignin. 
Table 3. 1 Characteristics of KL, KL-ATAC, and KL-METAM 
Sample KL KL-ATAC KL-METAM 
Charge density, mmol/g -1.7±0.11 +2.3±0.13 +2.5±0.1 
Solubility, wt.% 90±0.5 90±0.5 93±0.73 
Nitrogen, wt.% 0 4.7±0.1 4.8±0.1 
Phenolic hydroxyl group, 
mmol/g 
1.63±0.1 0.77±0.05 0.55±0.08 
Grafting ratio, mol% 0 42.6±0.06 45.5±0.07 
Mw, g/mol 49±6.4× 103 657±84.2× 103 824±107.5× 103 
Mn, g/mol 28±6.02× 103 187±43.8× 103 221±51.6 × 103 






Moreover, a larger polydispersity index (PDI) of cationic lignin macromolecules than KL is 
probably related to the inconsistent size, shape, and mass distribution of lignin macromolecules 
after the polymerization reaction. In this case, KL-METAM macromolecule with a larger PDI 
showed a wider molecular weight distribution. Thus, due to steric hindrance of methyl group, the 
final configuration of KL-METAM macromolecule might be looser and bulkier in aqueous 
solution.  
Theoretically, the nitrogen content of the macromolecules can help determine the charge density 
of CKL. In this case, the theoretical charge densities of KL-METAM and KL-ATAC were 1.9 and 
1.8 mmol/g. In the same vein, the number of repeating monomers in CKL can facilitate the 
determination of the charge density of CKL. This approach resulted in the theoretical charge 
densities of 3.4 and 3.3 mmol/g for KL-METAM and KL-ATAC, respectively. These results 
confirm that there is a discrepancy between the experimental and theoretical charge density 
determination. The difference should be associated with experimental errors involved in each 
pathway to determine the characteristics of CKLs. For example, the molecular weight analysis by 
GPC depends on the fractionation of the polymers based on their sizes, while experimental charge 
density analysis relies on the interaction of two oppositely charged polymers in the titration 
analysis. Interestingly, all methods confirm that the charge densities of CKL were similar. 
3.4.2 Configurational Changes of Lignin Macromolecules in Aqueous Solutions 
 
The most commonly used parameters to describe the molecular size and configuration of polymers 
are hydrodynamic radius and radius of gyration. According to Table 3.2, the hydrodynamic 
diameter (Hy) of CKL macromolecules increased from 14.3 nm for KL to 30.2 and 37.6 nm for 





lignin structure altered the compact shape of the lignin molecule due to the detachment of its 
ionizable ammonium group and increased lignin’s molecular weight.57 It was reported that Hy of 
kraft lignin was proportional to its molecular size.38,39 
The radius of gyration (Rg) of a polymer is a geometrical quantity defined as an average square 
distance of the chain segments from the center of the mass of the chain of a polymer segment.58-60 
As the radius of gyration of polymers is very sensitive to their geometry and molecular structure,61 
this property can also be used as an indicator for polymer configuration in solutions. For polymers, 
Rg and chain length are proportionally related.62,63 A larger Rg of KL-METAM macromolecule 
(78.5 nm) than KL-ATAC macromolecule (Rg of 57 nm) was observed (Table 3.2), which may 
show its more three-dimensional structure. On the other hand, the looser and bulkier configuration 
of KL-METAM created larger hydrodynamic radius and three-dimensional structure in aqueous 
solutions. A strong dependency of Rg on the molecular weight of synthetic polymers was observed 
in the literature (Rg ∝ Mw).64-68 One possible reason for the larger Rg and Hy for KL-METAM is 
the higher molecular weight of KL-METAM, and another reason is the steric hindrance that the 
extra CH3 made on the KL-METAM, which would stretch the KL-METAM macromolecule more 
than KL-ATAC.  
By analyzing Rg and Hy, the change in the structure macromolecules can be determined via shape 
factor (Rg/Hy) analysis.69,70 This ratio provides information about the spatial density distribution 
of colloid and the degree of draining of a scattering object in solutions.71,72 In our case study, the 
ratio of Rg/Hy is related to the shape of CKL in solutions where the lignin molecules undergo a 
morphological evolution with introducing different cationic monomers. It is known that the shape 





than Hy), the value of 1.0-1.3 relates to a hyperbranched polymer cluster or a soft sphere 
(depending on the branching degree), the value of 1.5-1.8 is for a flexible random coil chain 
(depending on the chain polydispersity), and Rg/Hy value of >2 indicates a rigid rod structure.73-77 
In Table 3.2, the Rg/Hy value for KL (2.96) implied a rigid rod shape structure. Interestingly, this 
value dropped to 1.88 and 2.08 for KL-ATAC and KL-METAM, respectively, postulating that the 
conformation of lignin changed from rod-like to flexible random coil chain after polymerization 
reaction. Also, KL-METAM macromolecule had a less coiled structure than did KL-ATAC, which 
might be due to 1) more extended polymerization of METAM than ATAC with lignin and 2) the 
steric hindrance that the extra methyl substituent on METAM imparted to lignin-METAM. 
Table 3. 2 Characteristics of KL, KL-ATAC, and KL-METAM 
Sample KL KL-ATAC KL-METAM 
Hy, nm 14.28±1.9 30.22±1.8 37.63±2.7 
Rg, nm  42.3±7.1 57±2.6 78.5±3.9 
Shape factor 2.96±0.1 1.88±0.026 2.08±0.046 
 
 3.4.3 Behavior of Lignin Polymers in Solution Systems  
 
Surface Properties 
The results for contact angle and surface tension of droplets containing CKLs were tabulated in 
Table 3.3. A water droplet on the glass slide created the contact angle of 21°, which is similar to 
what was reported previously.44 However, the contact angles of droplets of solutions containing 
CKL (10 g/L) on the glass slides were 14.3° and 17.2° for KL-METAM and KL-ATAC, 
respectively, depicting that CKL improved the interaction of water and the glass surface. The 





ammonium groups attached to CKLs. Results also imparted that the contact angle of solutions was 
altered on different substrates. As seen, the droplets containing water and CKLs made the surface 
of kaolin coated slides more hydrophilic than glass slides through developing attraction force 
between water/CKL molecules and kaolin. The surface tension of KL was measured to be 72.0± 
0.01 mN/m. It is also seen that the surface tension of the CKL solution was very close to that of 
water (72.8 mN/m).78 In another study, the contact angles of water on thin films coated with Kraft 
lignin samples were different, but the surface tensions of a solution containing lignin samples made 
similar results.79 Contact angle measurement can also be used to investigate the interfacial tension 
between the liquid and solid surfaces. As illustrated in Table 3.3, the interfacial tension between 
kaolin and water was 4.95 mN/m. CKL samples did not reduce the interface tension between kaolin 
and water significantly, indicating that the wettability of solutions containing CKL to kaolin 
surface was very close to that of water. CKL did not affect the interface tension of kaolin and 
water, similar to negligible alteration they made on the surface tension of water. Results showed 
that the configurational changes of CKLs marginally impacted the surface properties.  
Table 3. 3 The contact angle of droplets on different surfaces and surface and interface tensions of 
solutions and kaolin particles 
Solution Contact angle, °  




Contact angle, °  




Water 21.02±0.03 72.8±0.01 17.14±52 4.95±0.5 
KL-METAM 14.26±0.11 71.25±0.03 11.33±0.23 4.63±0.2 








The adsorption kinetics of KL and CKLs on kaolin particles are presented in Figure A1. The 
adsorption of KL on the surface of kaolin particles was limited to 0.47 mg/g. The adsorption of 
KL on kaolin particles could be attributed to hydrophobic interaction, van de Waals and hydrogen 
bonding development. As the adsorption of KL was limited (Figure A1), these factors did not 
facilitate the adsorption of KL on kaolin particles.  However, the maximum adsorption of KL-
ATAC and KL-METAM on kaolin particles was 54 and 46.4 mg/g, respectively (at 128 mg/g 
dosage of polymer/kaolin). Also, no saturation level of CKLs adsorption was observed on the 
surface of kaolin particles within the scope of the adsorption study (Figure A1). In this case, CKLs 
might have developed charge interaction, hydrogen bonding, van de Waals attraction and 
hydrophobic interaction with multilayer adsorption on kaolin particles. This phenomenon was 
observed elsewhere as well.80 It should be emphasized that, if the dosage of CKLs was 
continuously increased, the adsorption kinetic might reach to an equilibrium level. This trend was 
observed in the adsorption of cationic polyacrylamide on the surface of precipitated calcium 
carbonate.81 Since the main focus of this study was to compare the structural differences of CKLs 
and its effect on the polymerization and flocculation behaviour, we didn’t investigate the saturation 
level of CKLs adsorption on kaolin particles. 
Table 4 lists the surface area of kaolin particle before and after adsorbing CKL. Results exhibited 
that kaolin had a large specific surface area (SSA) of 52.55 m2/g with the pore volume of 0.14 
cm3/g. Upon adsorption of CKLs on kaolin, the pore volume and SSA decreased, which confirmed 
the diffusion of CKLs into the pores of kaolin particles. The total surface area of kaolin particles 
decreased more dramatically for KL-ATAC/kaolin (40.15 m2/g) than for KL-METAM/kaolin 





The pore volume of kaolin dropped from 0.14 cm3/g to 0.06 and 0.07 cm3/g when the distinct 
amount of KL-ATAC and KL-METAM adsorbed on the surface of kaolin, respectively. As KL-
ATAC has a more coiled structure and smaller size than KL-METAM (Table 3.2), a higher 
adsorption and diffusion of KL-ATAC into the pores of kaolin particles was observed, which 
reduced the pore size of clay particles more greatly. The diffusion of polymers into pores of kaolin 
particles is inversely related to the size of polymers.38,39 The average pore size of the particles was 
also estimated from the total pore volume, and results depicted that the KL-METAM 
macromolecule probably covered the pores of kaolin surface to a greater extent. As a result, the 
average pore size of kaolin particles in Kaolin/KL-METAM (29.53 nm) system was smaller than 
that in the Kaolin/KL-ATAC (31.02 nm) system. It can also be stated that the depletion in the 
accessible surface sites on kaolin particles for KL-METAM can be another factor for its lower 
adsorption.82 
Table 3. 4 Characteristics of kaolin and modified kaolin with CKL  
Label  Surface area, m2/g Total pore volume, cm3/g Average pore size, nm 
Kaolin  52.55±1.7 0.14±0.08 53.12±1.2 
Kaolin/KL-ATAC 40.15±1.3 0.06±0.017 31.02±1.6 
Kaolin/KL-METAM 45.37±1.1 0.07±0.023 29.53±1.8 
 
Considering the average pore size of kaolin particles (53.12±1.2), centrifugation can also be 
considered as an alternative approach for isolation of clay particles from model waste suspension. 
Centrifugation process is one of the most rapid and reliable methods for clay removal, but its high 
cost and energy demandingness, hamper its implementation at large-scale. Furthermore, kaolin is 
not the only component in industrial effluents. The other impurities present in industrial 





heavy metals. Therefore, flocculation process is assumed to be more efficient than centrifugation 
technique in industrial application, which allows treating large volumes of wastewater without 
consuming much energy.  
To understand the fundamentals of the adsorption of CKL on kaolin particles, the surface area 
occupied by each molecule of CKL was calculated. To determine the surface occupancy of each 
molecule on a particle, the surface excess density (Γ) of the molecule should be assessed. The 
surface excess density can directly be calculated from the slope of surface tension (𝝈𝑳) of the 
polymer as a function of its concentration (C) (the results are available in Figure A2 in 
Supplementary Materials) according to Gibbs adsorption isotherm (equation 4):  
𝚪 =  −(𝑹𝑻)−𝟏 × (
𝒅𝝈𝑪𝑲𝑳
𝒅 𝒍𝒏𝑪
)                                                             (4)   
where R is the universal gas constant (J/molK), and T is the absolute temperature (K).  
According to Figure A2, the surface tension decreased linearly with increasing the natural 
logarithm of polymer concentration. The maximum surface (excess) concentration of polymers at 
the air/water interface determined to be 1.39×10-6 and 1.70×10-6 mol/m2 for KL-METAM and KL-
ATAC solutions, respectively. It was reported that the surface activity of a polymer is related to 
the surface access density (Γ).83 Therefore, the smaller Γ value of KL-METAM resulted in a 
decrease in the surface activity of this polymer. Considering the surface excess density value, the 




                                                                               (5) 





KL-METAM polymer occupied a larger area compared to KL-ATAC (97.3 Å2) when adsorbing 
on kaolin particle (118.93 Å2). The higher surface occupancy of KL-METAM was due to its larger 
Hy (Table 3.2), which developed larger tail and loop configurations upon adsorbing on kaolin 
particles. Moreover, KL-METAM macromolecule with a larger Rg value (Table 3.2) can form a 
more three-dimensional structure than KL-ATAC on the surface of the particle.  
3.4.5 Behavior of Lignin Macromolecules in Flocculation 
Zeta Potential  
The impact of CKL on the zeta potential of kaolin suspension as a function of adsorbed 
macromolecules are presented in Figure A3. The zeta potential of kaolin suspension changed from 
negative to positive as adsorbed amounts of CKL on kaolin particles increased. This increment in 
the zeta potential of the suspension was very close for both lignin macromolecules.86 The zeta 
potential of the suspension reached to the isoelectric point at a slightly lower dosage of KL-
METAM than that of KL-ATAC. In this case, the slightly higher charge density of KL-METAM 
affected the overall zeta potential of kaolin suspension a bit stronger. These results confirm how 
the methyl group of KL-METAM could impact the overall charge density of the lignin 
macromolecules that would impact the zeta potential of the kaolin suspension.  
Flocculation  
The relative turbidity of kaolin suspension as a function of adsorbed CKLs was investigated, and 
the results are available in Figure A4. As the adsorption of the CKL increased, the relative turbidity 
of kaolin decreased to the minimum level. The slight increase in the relative turbidity at a higher 
polymer dosage is attributed to the electrostatic repulsion between the generated flocs. The relative 





KL-METAM and KL-ATAC adsorbed on the kaolin particles, respectively (Figure A4 in 
Supplementary Materials). As the adsorption level and charge density of these macromolecules 
were similar, the better performance of KL-METAM is attributed to its higher molecular weight 
(Table 3.1) and Hy (Table 3.2), which facilitated more effective bridging. It is worth mentioning 
that, since the lowest level of relative turbidity obtained when 16 mg/g of CKLs adsorbed on the 
kaolin particles, this dosage was selected as the optimum dosage for further analysis in this work 
(e.g., further evidence is available in Figure A5 in Supplementary Materials).  
To study the mechanism involved in flocculating of kaolin particles by CKLs, the relative turbidity 
of kaolin suspension was plotted against its zeta potential in Figure 3.1. The gradual decrease in 
the relative turbidity of kaolin suspension when the zeta potential of kaolin was negative indicated 
that CKLs facilitated the removal of particles via bridging and patching. Therefore, charge 
neutralization was not the main mechanism for the flocculation process, as the zeta potential and 
flocculation of the systems were not changed in a similar fashion at different dosages of CKLs. 
The more reduction in the relative turbidity of the kaolin suspension via KL-METAM 
macromolecule confirmed the higher efficiency of this macromolecule in the flocculating the 
particles.   
The greater flocculation efficiency of KL-METAM than KL-ATAC might be due to the larger 
molecular weight and three-dimensional structure (i.e., more efficient bridging affinity) of this 
macromolecule. By adsorbing KL-METAM on the kaolin surface, the hydrophilicity of kaolin 
particles was enhanced (contact angle results in Table 3.3). Also, the more three-dimensional (i.e., 
stretched) structure of KL-METAM than KL-ATAC may provide more influential bridging 
affinity for kaolin particles. In a similar work, a polyacrylamide grafted carboxymethyl guar gum 







Figure 3. 1 The relationship between relative turbidity and zeta potential of kaolin suspension (25 g/L 
kaolin suspension at pH 6) 
Kinetic of Flocculation 
To have a fundamental understanding of the kinetics of the flocculation process, the adsorption of 
CKLs on particles during flocculation was investigated. Adsorption of CKLs on kaolin particles 
and their flocculation is an orthokinetic (shear-induced) interaction of unequal spheres. In this 
system, large flocs are formed by maximizing the polymer-particle interaction and particle-particle 
collision (caused by external shear stirring) via polymer adsorption and flocculation process, and 
by minimizing the floc breakage.71,72,88,89 According to Smoluchowski’s theory, the flocculation 




























𝟑                                                                      (6) 
where G is the velocity gradient of the flow in a 3 mm tube of PDA instrument (84 1/s), a1 and a2 
are the radius of kaolin particles (2.1 µm) and the Hy of lignin macromolecules (Table 3.2), 
respectively.90,91 Knowing the Ksm value, the required time, Ʈads for adsorption of CKL on kaolin 
particles can be estimated following equation 7:   
Ʈ𝒂𝒅𝒔  =  
𝟏
𝜶𝒂𝒅𝒔𝑲𝒔𝒎𝒏𝒄𝒏𝟎
                                                                        (7) 
where αads is the adsorption efficiency of CKL on kaolin particles (assumed to be 1), nc is the 
number of kaolin particles per unit volume, and n0 defines as the initial amount of polymer in the 
suspension relative to the maximum amount of polymer that can adsorb on the surface of kaolin 
particles. The value of dimensionless, n0, was obtained from the experimental results of adsorption 
(ɼmax) following equation 8: 
                                                    𝒏𝟎 =  
𝑪𝒑𝒐𝒍𝒚𝒎𝒆𝒓
𝑨𝒏𝒄ɼ𝒎𝒂𝒙
                                                                            (8)   
where Cpolymer is the concentration of CKLs (mg/g), A is the surface area of kaolin particles and 
ɼmax is the maximum adsorption of CKL on kaolin particles.45,88 
Based on equation 8, at a lower polymer concentration where CKLs had the same adsorption 
performance, the required time for their adsorption was almost identical (Table A5 in 
Supplementary Materials). At 16 mg/g of CKLs adsorption in which the optimum flocculation 
efficiency achieved (Figure A4), Ʈads was 36.6 and 37s for KL-METAM and KL-ATAC, 
respectively. However, at higher polymer dosages, longer time needed for adsorption of lignin 





adsorption in the scope of this study were 106.4 and 125.1 s for KL-METAM and KL-ATAC at 
128 mg/g dosage, respectively. 
The longer Ʈads of KL-ATAC on kaolin particles might be due to the slower diffusion of KL-ATAC 
into the kaolin’s pores. It is worth noting that the time of adsorption for both macromolecules in a 
well-mixed system is the same. However, the adsorption time of CKL in flocculation process 
depends on the bridging efficiency and diffusion of CKLs into the pores of kaolin particles. As 
stated earlier, CKL formed flocs via the bridging mechanism and KL-METAM with the higher 
flocculation efficiency formed larger flocs with more tail and loop configurations on the surface 
of particles. The surface morphology of kaolin and kaolin/CKL particles are shown in Figure 3.2. 
The SEM images showed that the kaolin particles (blank sample) possessed a larger size when 
KL-METAM was used.         
In the present work, KL-METAM having lower Ʈads and higher flocculation efficiency was more 
effective in bridging the kaolin particles. The variation in Ʈads of two flocculants (especially at 
higher dosages) reflected the differences of their physicochemical behavior in aqueous solutions 
originating from the altered configurations of the CKLs. 
   
Figure 3. 2 SEM images of (a) kaolin (b) kaolin/KL-ATAC (c) kaolin-KL-METAM generated at a 16 mg/g 
polymer dosage 






The flocculation of kaolin particles with the cationic macromolecules was also studied by FBRM. 
As the maximum reduction in the relative turbidity of KL-METAM and KL-ATAC was obtained 
at 16 mg/g, this dosage was selected for the FBRM analysis. Figure 3.3 presents the number of the 
formed flocs (in counts) and chord length distribution of the formed flocs as a function of time for 
CKL/kaolin system. After 50 s of stabilizing the system (at 200 rpm), the CKLs were added that 
induced larger flocs but reduced the number of particles in the system. KL-METAM with the 
higher molecular weight (Table 3.1) and greater bridging affinity (Figure 3.2) created larger flocs 

































Figure 3. 3 a) chord length and b) number of particle counts for the system at the 16 mg/g dosage of 
CKL/Kaolin as a function of time (conducted under the condition of 25 g/L concentration, pH 6, and 
stirring at 200 and 700 rpm) 
On the other hand, KL-ATAC formed more stable flocs as the chord length of formed flocs 
remained constant at a fixed mixing condition (200 rpm) (Figure 3.3-a). This behavior confirmed 
the weaker bridges probably with shorter tail and loop configurations between KL-ATAC 
macromolecule and kaolin particles, which could be more resistant to external shear forces. The 
number of particles also decreased dramatically when KL-METAM macromolecule was added to 
the kaolin suspension. It was pointed out that the grafted copolymers having more repeating units 
(or with more grafted flexible chains) showed better flocculation performance.92 In the present 
work, the grafting of METAM and ATAC monomers to the rigid-like lignin decreased the rigidity 
(stiffness) of lignin molecule (as seen in the shape factor analysis in Table 3.2), facilitating the 
interaction and adsorption of lignin macromolecules with colloidal particles (i.e., clay 
particles)  and hence improving their flocculation characteristics. The reason for better flocculation 




























former macromolecule upon adsorption on the clay particles. This higher occupancy could be 
attributed to 1) the larger molecular weight of KL-METAM that improved its bridging 
performance, and 2) the larger shape factor implying its less flexibility and larger Rg implying its 
more three-dimensional effectiveness in interacting with clay particles (Scheme 3.2).  
 
Scheme 3. 2 Interaction of a) KL-METAM and b) KL-ATAC with clay particles. 
Floc Strength 
After 300 s, the shear force in FBRM analysis was increased to 700 rpm (from 200 rpm) decreasing 
the chord length of the flocs and increasing the number of flocs (Figure 3.3). At high shear rates, 
the formed flocs break due to the disruption of bridging. Once the shear force diminishes, the 





(200 rpm), only partial reflocculation was achieved for the macromolecules depicting an increment 
in chord length and a decrement in floc counts.94,95 In the present study, the deflocculation and 
reflocculation of particles were studied by fitting the data of Figure 3.3 into equations 9 and 10, 
respectively.96,97 
                                                   𝒀 =  𝑪𝟎 + 𝑨𝒆
−𝒕
𝑻𝒅𝒇                                                                          (9) 
                                                     𝒀 =  𝑪∞ − 𝑲𝒆
−𝒕
𝑻𝒓𝒇                                                                     (10) 
where Y is mean chord size, t is a time in second, C0 and C∞ are numerical constant (µm), A and 
K are pre-exponential factors, Tdf is deflocculation parameter (s), and Trf stands for reflocculation 
parameter (s).  
Table 5 depicts the flocculation parameters obtained via fitting the data into equations 9 and 10. 
In flocculation processes, there is an equilibrium between the formation and breakage of flocs. The 
higher Tdf value of KL-METAM (54 s) is due to the higher strength of formed flocs and can be 
considered as the strength of flocs. It is known that the patching mechanism causes flocs with 
relatively weak strength, whereas bridging forms stronger ones.98 Therefore, it might be concluded 
that, compared with KL-METAM, KL-ATAC generated flocs via more patching than bridging. It 
is noteworthy that the higher floc strength of KL-METAM is attributed to grater bridging 
efficiency (due to its higher molecular weight) and three-dimensional effectiveness (as seen as 
larger Rg) of this polymer owing to its higher molecular weight (Scheme 3.2).  
However, Trf can describe the reflocculation performance of the broken flocs after reducing the 
shear rate. The larger Trf of the KL-METAM system indicates the lower tendency of this system 





using KL-METAM via tail and loop configurations (i.e., higher bridging efficiency) were stronger, 
the formed flocs could not reach to their initial sizes after deflocculation and reflocculation (i.e., 
they had weaker reversibility in size). In this case, KL-METAM was probably reconfigured on the 
surface of kaolin particles after the deflocculation process, and thus it lost its bridging performance 
when the reflocculation process occurred. In KL-ATAC/kaolin system, smaller flocs with more 
reversibility in the floc size was detectable after deflocculation and reflocculation process, which 
is an indicator of the patching flocculation mechanism.99 In another study, the larger flocs broke 
more easily via shear forces and the flocculation process was less reversible.100,101 
Table 3. 5 Deflocculation and reflocculation parameters for the systems of kaolin and CKLs at 16 mg/g 
dosages. 
Flocculant Tdf, s Trf, s 
KL-METAM 54.0 R2 = 0.93 43.1 R2 = 0.97 
KL-ATAC 38.7 R2 = 0.98 36.6 R2 = 0.98 
 
3.4.6 Application 
The results in Figure 3.3 revealed that KL-METAM was more efficient in the flocculation of kaolin 
particles than did KL-ATAC and it formed stronger (Table 5) and larger (Figure 3.3) flocs. Also, 
KL-METAM seems to function effectively in the flocculation systems with a low agitation 
intensity. This macromolecule may be more suitable for use in sedimentation tanks and large 
clarifiers operating at a low agitation intensity. Although KL-ATAC was not as effective as that 
of KL-METAM, it can still be used as a flocculant for some flocculation systems. As documented 
in Table 5, KL-ATAC made weaker flocs with more size reversibility (Figure 3.3) under different 
agitation intensities, which may be suitable for flocculation systems that occur in more confined 






New cationic lignin-based flocculants, KL-ATAC and KL-METAM, were synthesized in a semi-
dried condition for the first time, which had slightly different charge densities (2.3-2.5 mmol/g) 
and different molecular weights (657× 103 and 824× 103 g/mol). The molecular weight of repeating 
units of KL-ATAC and KL-METAM were 644 and 747, respectively, indicating the remarkable 
effect of an extra methyl group associated with METAM on its polymerization efficiency. The 
higher grafting ratio of KL-METAM than KL-ATAC is attributed to the fact that METAM 
monomer produced more stable radicals in polymerization reaction. The Hy and Rg of lignin 
increased after polymerization, and KL-METAM exhibited a larger size and three-dimensional 
structure. The decrease in the Rg/Hy of CKLs revealed that the structure of lignin macromolecules 
changed from rigid-rod to more flexible random coil chain after the polymerization reaction. KL-
METAM improved the hydrophilicity of kaolin surface more greatly than did KL-ATAC. With a 
larger size, the surface excess density of KL-METAM was smaller than that of KL-ATAC, but its 
area of occupancy on the kaolin surface was larger. CKLs impacted the diffuse double layer of the 
kaolin particles in a similar fashion. However, the zeta potential of the suspension containing KL-
METAM with a slightly higher change density reached to the isoelectric point at a slightly lower 
dosage. Moreover, a strong correlation between CKLs’ structures and flocculation behavior were 
observed. Due to the large surface occupancy and three-dimensional structure of KL-METAM, its 
bridging affinity was more remarkable than even though KL-ATAC adsorbed more greatly on 
kaolin particles. In this case, KL-METAM created a larger chord length and fewer number of flocs 
than did KL-ATAC. The kinetic studies revealed that Ʈads were 36.6 and 37s for KL-METAM and 
KL-ATAC at 16 mg/g of CKLs adsorption, respectively. Furthermore, KL-METAM formed 





KL-METAM/kaolin flocs were broken, they were not able to reflocculate to their original sizes. 
This behaviour can make KL-METAM macromolecule an appropriate candidate for flocculating 
kaolin particles in sedimentation tanks and thickeners with low agitation intensities. Overall, the 
results confirmed that only one extra methyl group would play a vital role in the characteristics of 
lignin-based macromolecules (CKL), which would notably alter the performance of CKL as a 
flocculant for kaolin suspension systems.  
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Chapter 4: Impact of the Chain Conformation of Lignin macromolecules on 




Cationic kraft lignin (CKL) polymers were synthesized via polymerizing kraft lignin (KL) with 
[2-(acryloyloxy)ethyl]trimethylammonium chloride (ATAC) or [2 
(methacryloyloxy)ethyl]trimethylammonium methyl sulfate (METAM) in an acidic environment 
to investigate how monomer structure would impact the self assembly, sedimentation and 
interaction of CKL with solid surfaces. Results suggested that KL-METAM had a flexible chain 
conformation while KL-ATAC exhibited a more compact coil structure. KL-METAM with more 
three-dimensional structure (i.e., Rg and Rh) had a more accelerated self assembly. The structural 
differences of CKLs had an influence on their surface hydrophilicity in which KL-METAM 
decreased the surface tension of water more greatly than KL-ATAC. The sedimentation analysis 
under both gravitational and centrifugal forces proved that the KL-METAM had a higher tendency 
to settle with a larger settling velocity as a result of greater self-aggregation than KL-ATAC. Below 
and at equilibrium, KL-METAM could adsorb more greatly and generated bulkier and more 
viscoelastic adlayer on the rigid surface. In the Quartz crystal microbalance analysis, the alteration 
in the slope of ΔD/ΔF curve in the early and late stages of adsorption was assigned to the 
conformational changes of CKLs by increasing Rg. The steeper slope of ΔD/ΔF at the early stage 
of KL-METAM adsorption was due to its greater adsorption affinity on SiO2 surface, while the 
more rigid conformation of KL-ATAC resulted in a more significant slope change in the late 
adsorption stage. Higher storage modulus (G′) was observed for KL-METAM at bulk solution, 





restricted free molecular movement of the lignin polymer resulted in higher Tg values. The findings 
of this study showed that a small group in the cationic monomers can affect the structure of CKLs 
so significantly that the lignin polymers would have different chain conformations and thermal 
properties, rheological properties in solutions, adsorption performance and altered viscoelastic 
adlayers upon adsorption. These altered characteristics would impact their potential applications 
remarkably.   




Recently, the environmental issues and the increment in the energy demand have promoted the 
development of chemicals from renewable resources such as cellulose, hemicellulose, lignin and 
chitosan.1 Among them, lignin, an abundant polymer of aromatic units, was recognized as one of 
the most promising natural polymers owing to its eco-friendliness, availability and 
biodegradability.2 Annually, a large volume of lignin is produced in the pulping industry. Despite 
the complicated structure of lignin, the existence of various functional groups on its structure (i.e., 
methoxy, carboxylic acid and hydroxyl groups) makes it amenable for modification through 
different pathways.3-8 Of kraft lignin (KL) modification processes, amination was assigned as one 
of the most auspicious methods to alter lignin’s properties.  
It is well-known that the physicochemical characteristics of a polymers could be evaluated by their 
chain conformation.9 The distribution of the charged groups on the molecular structure of polymers 





characteristics of polymers (i.e., shape and size) in aqueous solutions.12 Several studies revealed 
that the physicochemical properties of lignin would be altered after the polymerization reactions, 
and the polymers with controlled architectures could be synthesized.3,13,14 Also, lignin 
macromolecule has been exhibited to aggregate in aqueous solutions,15,16 which would remarkably 
affect its applications.17-19 However, little attention has been paid to a fundamental understanding 
of the impact of grafting monomers on the physicochemical characteristics of lignin polymers and 
their subsequent behaviors in aqueous solutions, which is the first objective of this work.  
The polymer adsorption onto a model substrate has received significant attention and developed 
various fundamental concepts in colloidal stability, flocculation/dispersion systems and drug 
carriers.20-22 Numerous studies demonstrated that the adsorption behavior of lignin polymers on 
model substrates (i.e., silica or alumina) is governed by their structural conformation.23 For 
instance, sulfonated lignin showed excellent adsorption performance on the surface of cation dye 
by expanding its structural conformation on the dye surface, which enhanced the electrostatic 
interactions, as well as the π-π interactions of lignin macromolecules with the model substrate.24 
Likewise, the studies on the adsorption behaviour and surface properties of a kraft lignin-
acrylamide (KAM) with various molecular weights on the gold surface revealed that the high 
molecular weight KAM with extended configuration elevated the intermolecular hydrogen 
bonding (i.e., self-assemble) by forming loose agglomerates.18 However, little information is 
available on the adsorption characteristics of cationically modified lignin polymers with different 
structures on a rigid surface, which is the second objective of present work.  
Understanding the rheological properties of polymers plays a fundamental role in their viscoelastic 





Polymer conformation and inter-molecular interactions can influence the rheological properties 
(i.e., viscoelasticity) of polymers in solutions.26,27 Previously, the viscoelastic functions of ABS 
(acrylonitrile-butadiene-styrene) polymers were reported to be depended strongly on grafting 
degree, which in turn improved the stability of colloidal solutions.27 However, the correlation 
between the chain conformation of cationic kraft lignin (CKL) macromolecules and their 
viscoelastic characteristics in the aqueous solution and after adsorption remain unclear, which is 
the third objective of this study. 
In our previous work, the [2- (acryloyloxy)ethyl]trimethyl ammonium chloride (ATAC) and [2-
(methacryloyloxy) ethyl] trimethyl ammonium methyl sulfate (METAM) monomers was 
polymerized with kraft lignin to produce cationic kraft lignin samples (CKL).3 Present research 
aims to investigate the correlation between the chain conformation of CKL macromolecules and 
their short- and long-term colloidal stabilities, bulk and adsorbed viscoelastic properties as well as 
the adsorption behaviour at various grafting densities. This work also studies the impact of the 
molecular conformation of CKL polymers on their thermal behavior. The primary novelties of this 
work are the study on the impact of the molecular architecture of the cationic lignin 
macromolecules on their self-association which can 1) alter the colloidal behaviour of CKLs in 
aqueous solution, 2) produce surfaces with different morphologies, 3) change the thermal 
properties as well as the rheological characteristics of CKLs in bulk solution and upon adsorption.  







Softwood Kraft lignin (KL) generated by the LignoForce technology was received from a mill 
located in Alberta, Canada. [2-(Acryloyloxy)ethyl]trimethylammonium chloride solution 
(ATAC), 80 wt % in H2O, sodium persulfate (Na2S2O8) (analytical grades), sodium hydroxide, 
potassium nitrate (KNO3), potassium hydroxide (8 M), hydrochloric acid (37%, reagent grade), 
sulfuric acid, para-hydroxybenzoic acid and poly(diallyldimethylammonium chloride) 
(PDADMAC, 100000−200000 g/mol), 20 wt % in water, were all purchased from Sigma-Aldrich 
Co. Fisher Scientific Co. provided acetic acid and ethanol (95 vol %). Potassium poly (vinyl 
sulfate) (PVSK, 100000−200000 g/mol, 97.7 wt % esterified) was purchased from Wako Pure 
Chemical Co., Japan. [2-(Methacryloyloxy)ethyl]-trimethylammonium methyl sulfate (METAM) 
was obtained from BOC Science Co., USA. The dialysis membrane of cellulose acetate (cutoff of 
1000 g/mol) was received from Spectrum Laboratories. Deionized water with the resistivity of less 
than 18 MΩ/cm used throughout this study was obtained from a Millipore water purification 
system. 
4.3.2 Lignin polymerization 
Cationic kraft lignin (CKL) was synthesized in a semidry manner according to the reported method 
with a minor modification.3 Briefly, 2 g of KL was dissolved in the desired amount of water and 
then mixed with various amounts of cationic monomers (0.5-3/1 w/w cationic agent/lignin) to 
produce a 40 wt % concentration in all reactions. The pH of the reaction was set to 3.6 ± 0.2 using 
H2SO4 (1 M) and then potassium persulfate (0.03 g) was used to initiate the free radical 
polymerization. Afterward, the nitrogen gas was purged into the reaction suspension for 10 min. 
The polymerization reaction was then carried out at 80 °C for 3 h. Upon completion of the reaction, 





reaction mixture using ethanol (80 vol % in water).22 The final product was dialyzed against 
deionized water for 2 days. The sample was subsequently dried by a freeze-dryer. 
4.3.4 Characterization of Macromolecules 
 
Charge density analysis 
 The charge density of the samples was determined using a Particle Charge Detector, Mütek PCD 
04 titrator (Arzbergerstrae, Herrsching, Germany). A 1 wt % CKL polymer suspension was 
prepared and shaken at 300 rpm for several hours at room temperature. After centrifuging at 1000 
rpm for 5 min, the collected supernatants were titrated against a PVSK standard solution (0.005 
mol/L) to determine the charge density of soluble CKL.28  
Phenolic hydroxy group content 
 An aqueous potentiometric titration technique was used to determine the phenolic hydroxy group 
of CKL using an automatic potentiometer titrator (785 DMP Titrino, Metrohm, Switzerland). In 
this experiment, 0.06 g of lignin polymer was dissolved in 100 mL deionized water containing 1 
mL of potassium hydroxide (0.8 M) and 0.02 g of para-hydroxybenzoic acid (as internal standard). 
After mixing, the titration was carried out against 0.1 M HCl standard solution.29  
Elemental analysis 
The elemental analysis of KL and CKLs was performed using an elemental analyser (Vario EL 
Cube, Elemental Analyzer, Germany). The content of nitrogen element was obtained through 
combustion of 2 mg of dried sample at 1200 °C. The grafting ratio of ATAC and METAM 
monomer to lignin corresponding with the nitrogen content of CKL was calculated according to 





𝐺𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑚𝑜𝑙 %) =  
𝑁14× 𝑀𝑤
100−(𝑁14× 𝑀𝑤)
     (1) 
Where N (wt %) is the nitrogen content of polymers, and Mw stands for the molecular weight of 
METAM and ATAC monomers, which are 173 and 152 g/mol, respectively. 
Molar mass analysis 
The weight-average molecular weight (Mw) and the root-mean-square radius of gyration (Rg) of 
KL and CKL were measured using a static light scattering (SLS) technique that was attached to a 
goniometer, Brookhaven BI-200SM, Holtsville, NY, USA. In this analysis, the different 
concentrations of lignin solutions (0.2-2 wt %) were prepared in sodium hydroxide aqueous 
solutions (0.5 M) containing 10 mM KNO3 (to avoid aggregation) at room temperature. Afterward, 
the samples were passed through a nylon syringe filter with 30 mm diameter and 0.45 μm pore 
opening prior to the measurement. The experiment was conducted at the wavelength of 637 nm 
and the scattering intensities of samples were set at different angles (15 °C - 155 °C). BIC Zimm 
Plot software was performed for determining Mw and Rg of the samples. 
Surface tension and contact angle determination 
The surface tension and contact angle of CKL solutions at the concentration of 1 g/L was measured 
using a Theta Lite Optical tensiometer, TL100 (Biolin Scientific), which was equipped with a 
USB2 digital camera and light-emitting diode light source. A droplet of CKL solution (5 μL) was 
dispensed on the tip of a Hamilton syringe equipped with a needle and the images of three replicate 
drops were acquired using a digital camera. The pendant drop method of Attension software was 
then used for surface tension measurement using drop dimensions at the air-water interface by 





Similarly, the contact angle analysis of CKLs was conducted by placing 5 μL of liquid droplets of 
CKLs (1g/L) on a clean glass wafer following a static contact angle measurement with the sessile 
drop method. Each analysis repeated three times, and the average values were reported. 
4.3.5 Quartz Crystal Microbalance with Dissipation (QCM-D) Studies 
 
 The adsorption mechanisms of CKLs on the SiO2 surface and the properties of the adsorbed layer 
was determined using a Quartz crystal microbalance with dissipation (QCM-D 401, E1, Q-Sense 
Inc. Gothenborg, Sweden). The details of QCM-D technique were fundamentally discussed 
elsewhere.30 Briefly, it tracks the changes of the resonance frequency, f, caused by physically 
adsorbed onto the SiO2 crystal sensors over time. The viscoelastic properties of an attached layer 
were also measured by the energy loss in the oscillating Quartz crystal system according to 
equation 2: 
𝐷 =  
𝐸𝐷
2𝜋𝐸𝑠
   (2) 
herein ED is the energy dissipated and ES determines the amount of energy stored in the oscillating 
system. Basically, a soft material adsorbed on the sensor crystal exhibits more deformation during 
the oscillation, indicating a higher dissipation value. However, a rigid material has a lower 
dissipation value.31 The adsorption behaviour of CKLs (1 g/L) on the SiO2 sensor was monitored 
by introducing a buffer solution (i.e. Mili-Q water) at ambient temperature to generate the baseline 
in the experiments. Then, the CKL solutions were pumped at a flow rate of 0.15 mL/min to carry 
out the adsorption analysis.  






 The short-time storage stability of KL and CKL solutions was assessed by a vertical scan analyzer, 
Turbiscan (Lab Expert, Formulaction) under non-stirring conditions. In this analysis, 20 mL of 
lignin solution (1g/L) was added into a flat-bottomed cylindrical glass cell of the instrument and 
scanned from the bottom to the top using electro luminescent diode light at 880 nm at 40 µm height 
intervals. The sample scanning was conducted every 25s for 1h to report kinetic stability of the 
solution.  
By comparing the transmittance signals generated by the samples with those generated by a silicon 
oil (calibration chemical), Turbiscan stability index (TSI) was calculated using Turbisoft 2.1 
software32 following equation (3): 
𝑇𝑆𝐼 =  ∑
∑ |𝑆𝑐𝑎𝑛𝑖(ℎ)− 𝑆𝑐𝑎𝑛𝑖−1(ℎ)|ℎ
𝐻𝑖
       (3) 
where scani (h) and scani−1 (h) represent the transmission signals for two consecutive time 
intervals at a specified height (h) and H exhibits the total height of samples. 
4.3.7 Centrifugal sedimentation analysis 
 
The long-time storage stability of KL and CKL solutions was evaluated by a dispersion analyzer 
(LUMiSizer 611, LUM GmbH, Berlin, Germany) at room temperature using polyamide cuvettes. 
The LUMiSizer analytical photo centrifuge is a microprocessor-controlled instrument that 
measures the intensity of near-infrared light as a function of time and position from top to bottom 
of the cell length simultaneously using space and time resolved extinction profiles (STEP) 
technology.33 The progression of these transmission profiles contains information on the kinetics 
of any concentration changes as a result of sedimentation, flocculation, coalescence, phase 





and wavelength of 865 nm at 200, 500 and 1000 rpm. The experimental time was set at 1000 s 
with 5 s time intervals between recordings. 
By means of a centrifugal separation analysis (CSA), the changes in the intensity of the transmitted 
near-infrared light over time and position was recorded in transmission profiles that would yield 
information on the separation process kinetics, allowing the calculation of particle migration rate 
(i.e., velocity), which would be associated with the particle size distribution.35,36  
4.3.8 DSC Analysis 
 
Glass transition temperature (Tg) and heat capacity (Cp) values of the lignin samples were analysed 
using a differential scanning calorimetry (DSC, TA Instruments Q2000). The experiment was 
conducted according to the methods published previously.37,38 First, a 5 mg dried lignin sample 
was placed in a DSC pan, and then the samples were treated in the temperature range of 0 °C and 
200 °C, while the heating rate was set at 3 °C/min.38 After heating the samples to 200 °C, they 
were cooled down to 0 °C and reheated again to 200 °C. The values of Tg and Cp of KL and CKL 
were assessed in the second heating cycle.37 
4.3.9 Rheological Properties 
 
The rheological behaviour of CKLs were analysed using a hybrid rheometer (TA Instruments) 
equipped with a cylindrical geometry (cone diameter, 28.03 mm, cone length, 41.96, angle, 1°, 
gap, 5500 μm) at room temperature. Approximately 25 mL of CKL aqueous suspension at the 4 
wt % concentration was placed inside the cell of the instrument. The samples were equilibrated (a 
3 min pre shear at 100 1/s) prior to the test. In contrast to the other experiments, the higher 





instrument. Dynamic strain sweep measurements were performed at a frequency of 6.28 rad/s to 
discover the linear viscoelastic region (LVR). Then, frequency sweep measurements (0.01−100 
rad/s) were carried out for all the samples at a strain value of 1% from the linear viscoelastic region. 
The experiment was performed at room temperature.  
4.4 Results and Discussions 
 
4.4.1 Characterizations of KL-METAM and KL-ATAC 
 
The polymerization reaction of lignin and METAM or ATAC was carried out via free radical 
polymerization under the conditions of 3 h reaction time, 80 °C reaction temperature, pH 3, and 
60 wt % lignin concentration in water. Our previous findings proved that these conditions were 
optimum for the polymerization of kraft lignin with METAM and ATAC monomers.3,22 However, 
to produce CKLs with different grafting ratio (ranging from 35 mol % to 125 mol %), various 
cationic monomers/lignin ratios (0.5-3/1 w/w METAM or ATAC/lignin) were considered in the 
reaction. The reaction schemes of lignin polymerization with METAM or ATAC are available in 
Supporting Information (Scheme 3.1). Table A2 lists the properties of CKL macromolecules. The 
charge density, nitrogen content (originating from cationic monomers attached to the lignin 
structure) and grafting ratio of KL-METAM and KL-ATAC increased gradually with increasing 
the cationic monomer contents of the lignin derivatives. The reduction in the content of phenolic 
hydroxy group of CKLs also confirmed the successful attachment of METAM or ATAC to lignin 
backbone (Table A2). Results also revealed that the grafting ratio of KL-METAM samples were 
slightly higher than those of KL-ATAC and the value of phenolic hydroxy groups of KL-METAM 





of CKLs were also tabulated in Table A2. Accordingly, KL-METAM polymers had a higher 
molecular weight compared to KL-ATAC samples, demonstrating the more successful 
polymerization of METAM and lignin. The reason for this phenomenon can be attributed to the 
existence of an extra methyl group in METAM ‘s structure, which notably contributed to the better 
polymerization efficiency of this monomer with lignin macromolecule.3 The radius of gyration 
(Rg) is very sensitive to the geometry and molecular structure of polymers.39 It was reported that 
the molecular weight of polymers was correlated with the mean square radius of gyration.40 Figure 
4.1 shows the logarithmic plot of the molecular weight dependence of the Rg and Mw of CKLs. 
This figure facilitates the determination of scaling factor (v) in Rg ∝ Mw ν relationship.41 The 
exponent ν represents the compactness of a polymer. It is known that the scaling factor of ν = 0.33 
represents the compact coils (collapsed globules) in a theta solvent, the ν values of approximately 
0.5 and 0.6 for random coils in a favorable solvent and and ν = 0.7 corresponds to a relatively stiff 
rod-like conformation in good solvent.11,42 In the present study, the value of ν for KL-METAM 
was found to be 0.46 indicating a relatively flexible chain conformation and 0.37 for KL-ATAC 
polymer suggesting its compact coil chains in water. The more flexibility of polymer chain in the 
KL-METAM macromolecule could be due to the steric hindrance that the extra CH3 substituent of 






Figure 4. 1 Double logarithmic plot of the radius of gyration (Rg) vs the molecular weight (Mw) of the 
KL-METAM and KL-ATAC series 
The changes in the conformation of macromolecules as a result of increasing their grafting ratios 
can also be determined via structure‐sensitive shape factor (ρ) analysis, which is the ratio of 
Rg/Rh.43,44 Generally, the shape factor shows the density distribution of colloid and the degree of 
draining of a scattering object in solution or dispersion.45,46 According to the literature, the ρ value 
of approximately 0.774 is for a polymer chain existing as a uniform hard sphere, 1-1.3 for a 
hyperbranched polymer chain, 1.5-1.8 for flexible random coil chain, and ρ > 2.0 is for an extended 
rigid rod.46-48 It should be stated that the kraft lignin displayed a rod-like structure with Rg/Rh of 
2.04.3 Figure 4.2 presents the shape factor of CKLs where they undergo a morphological evolution 
with raising grafting ratio. As seen, the conformation of lignin macromolecules altered from 
hyperbranched to rigid rod structure as the grafting ratio of CKLs increased. The Rg/Rh ratio of 
CKLs was in the range 1.04 -1.15 for KL-METAM or KL-ATAC with grafting ratios were 
increased to 72 and 80 mol %, respectively, indicating the highly branched and dense structure of 
























of cationic monomer to KL (77.9-98.6 mol % and 95.5-10.5 mol % for KL-METAM and KL-
ATAC, respectively) extended the polymer chains with flexible random coil structure. The rigid 
rod-like shape was also observed for CKLs at elevated grafting ratios and Mw. As stated earlier, 
the extra methyl substituent in METAM structure created greater steric barrier in KL-METAM 
structure as compared with KL-ATAC resulted in looser structure of the former polymer at the 
lower grating ratios. 
 
Figure 4. 2 The dependence of shape factor to the grafting ratios of KL-METAM and KL-ATAC. 
4.4.2 Behavior of Lignin Polymers in Solution Systems 
 
Surface properties 
The surface tension and contact angle of droplets containing CKLs as a function of their Rg are 
illustrated in Figure 4.3. The contact angle of water droplet on glass slide was 21°, similar to the 
results reported previously.49 However, the hydrophilicity of the glass surface was improved when 
the droplets of solutions containing CKL were placed on the surface owing to the more interactions 




















group interaction. Moreover, the wettability of CKL on the glass surface elevated by increasing 
the grafting ratio and the introduction of more charged groups attached to lignin backbone (Table 
A2).  
The surface tension of pure water was determined to be 72.8 mN/m.50 Similar to contact angle 
results, the surface tension of water containing CKLs dropped as CKL concentration increased in 
the solution. As mentioned above, the presence of a number of functional groups in CKL structure 
could change the interactions among water molecules and thus lowering the surface tension of 
water.51 It is worth noting that the higher reduction in the surface tension of water containing KL-
METAM samples compared to that of KL-ATAC at any grafting ratio could be attributed to the 
higher charge density of the former polymer (Table A2). These results illustrated that how the 
methyl group of KL-METAM could influence the surface properties of lignin macromolecules by 


























Figure 4. 3 a) Contact angle and b) surface tension of water/CKL droplets  
4.4.3 Stability of Lignin Macromolecules  
 
 Self assembly and settlement 
To understand the self-assembly behaviour of the lignin macromolecules, the changes in the 
hydrodynamic radius of CKLs in the aqueous solutions were also investigated as a function of 
time, and results are shown in Figure A6. As observable, the hydrodynamic radius of CKLs 
increased gradually with time. This time dependence evolution of the Rh indicated that individual 
lignin polymers agglomerated in the aqueous solution and generated larger clusters. However, KL-
METAM polymers created larger aggregates compared to KL-ATAC, in which the largest Rh 
obtained for CKLs at their highest grafting ratios were 522 and 425 nm, respectively. Accordingly, 
the polymers with a higher grafting ratio and molecular weight may be engaged more greatly in 
hydrogen bonding than the smaller ones owing to their greater hydroxyl and amino group contents 
(Table A2). It was stated that the noncovalent interactions play a significant role in the stabilization 































assembly of CKLs through lowering the surface energy of lignin (i.e., inter-unit interactions) and 
thus enhance surface properties, such as, van der Waals forces.52 
The sedimentation behaviour of CKLs as a function of Rg under regular and accelerated gravitation 
was illustrated in Figure 4.4. As seen in Figure 4.4-a, the destabilization index of CKLs 
monotonically increased with increasing Rg, and the maximum TSI values of 16.8 and 10.46 (in a 
1 h experiment) were obtained for KL-METAM and KL-ATAC, respectively. The results from 
Figure 4.1 and Table A2 revealed that, the higher the molecular weight and charge density, the 
larger the Rg of the resultant lignin polymers would be. This indicated that CKLs with higher 
molecular weights could form larger aggregates with faster settling performance (i.e., higher TSI 
as time elapsed, Figure A7).  
The sediment layer formed at the bottom of the measurement vial was also thickened by increasing 
the Rg of CKLs as time elapsed (Figure 4.4-b). Results showed that the self-assembly of KL-
METAM was more intense compared to that of KL-ATAC due to its higher molecular weight that 
manifested by higher TSI value and thicker sediment layers (Figure 4.4-b).   
Analytical centrifugation was used to evaluate the long-term colloidal stability of CKLs at various 
relative centrifugal force (RCF), and results are available in Figure A8. Instability phenomena is 
directly correlated with a migration rate of particles (i.e., sedimentation) and changing the particle 
size distribution.53 As reported in the literature,35 considering a spherical shape for the self-
assembled particles, the use of the accelerated gravitation technique enables the application of the 
equation (4): 





where k is a constant, R is the size of the aggregate and vm is the sedimentation velocity. This 
equation indicates a quadratic relation between sedimentation velocity and size of aggregates.54,55 
Since the largest destabilization index of CKLs was observed at the highest RCF (Figure A8), the 
sedimentation velocity of lignin macromolecules investigated at 127 RCF and results were shown 
in Figure 4.4-c. Similar to the sedimentation analysis at non-stirring condition, the precipitation of 
KL-METAM was more detectable compared to that of KL-ATAC (Figures S3). Owing to more 
three-dimensional structure of KL-METAM and larger Mw, larger aggregates would be produced 


























Figure 4. 4 Semi-log plot of a) destabilization index, b) sediment thickness and c) sedimentation velocity 
(at 127 RCF) of CKLs as a function of Rg. 
4.4.4 Adsorption Behavior  
 
Figure A9 shows the changes in the frequency, ∆f, and dissipation, ∆D, in the CKL adsorption 

























































characteristics of adsorbed layer. Generally, the slope of ∆D/∆f was much steeper for the uptake 
of CKLs with a higher molecular weight indicating a soft and dissipative film. In contrast, a lower 
∆D/∆f, as a result of mass addition without a significant dissipation change, was observed for the 
lower molecular weight samples suggesting a fairly rigid characteristic of adsorbed layer. 
However, between CKLs, KL-METAM created a more viscose adsorbed layer on silica. In this 
case, the higher ∆D/∆f ratio reflects more loops of the adsorbed polymer through extended 
configuration, which would help more water entrapment within the adsorbed adlayer.  
As seen in Figure A9, the driving force for CKL adsorption on the QCM sensor is related to 
hydrogen bonding and electrostatic attractions between the amino group of CKLs and 
deprotonated silanol groups on the silica surface.56 Since the polymerization reaction of METAM 
with lignin was more significant than that of ATAC monomer (at the same reaction condition), it 
generated polymers with a higher charge density (Table A2). Obviously, the higher charge density 
of KL-METAM polymers developed more adsorption of this polymer on the crystal sensor 
(electrostatic attraction).  
The deposition of KL-METAM on the silica surface improved the hydrophilicity of SiO2 sensor 
(Figure 4.2-a) more greatly than did KL-ATAC. Moreover, the more three-dimensional structure 
of KL-METAM may have contributed to its higher dissipation resulting in a bulkier adsorbed layer 
(Figure 4.1). The higher adsorbed mass and thickness of KL-METAM (233 ng/cm2, 2.1 nm) than 
KL-ATAC (162 ng/cm2, 1.2 nm) confirmed the stronger interaction and deposition of KL-
METAM on the surface.57 Considering the hydrodynamic radius of lignin macromolecules, the 















   (5) 
wherein, As represents the surface area of QCM sensor (cm2), Rh expresses the hydrodynamic 
radius of CKLs (nm), M is the molecular weight of lignin polymer (g/mol), and N represents the 
Avogadro number (1/mol). The theoretical and experimental adsorbed mass of CKLs upon 
adsorption on the QCM surface was presented in Figure A10. ΔMTheoretical results showed that a 
higher mass was required at lower Rh for a full monolayer coverage of CKLs on the QCM sensor 
(Figure 4.5-a). However, the experimental adsorption results indicated the greater adsorbed mass 
of CKL (ΔMExperimental is about 10³ times greater than ΔMTheoretical) on SiO2 surface (Figure A10-b). 
This could be due to the uneven adsorption of CKLs on the QCM surface and the creation of 
electrostatic attraction forces between CKLs and SiO2 surface.58 The higher adsorbed mass 
obtained from QCM experiment, was also suggested the multilayer formation of CKLs on SiO2 
surface even at lower Rh.  
Considering the smaller Rh of KL-ATAC (Figure A6), its ΔMTheoretical was larger than that of KL-
METAM. In contrast, the experimental results showed higher adsorbed mass for KL-METAM 
compared to that of KL-ATAC. That would be interpreted as evidence for the entrapment of more 
water molecules within its more three-dimensional structure of KL-METAM during the course of 
adsorption. To have insights into the effect of polymer configuration on its adsorption behaviour, 
the changes in the slope of frequency and dissipation of the silica sensor at the initial and saturation 
stages of CKL adsorption was plotted as a function of Rg in Figure 4.5. Accordingly, the polymers 
with the larger Rg can adsorb more on silica surfaces (i.e., a large negative frequency), while 
creating a more viscose adsorbed layer (i.e., higher dissipation) in both stages of adsorption 





more space occupied by the polymer chain59 could entrap more water molecule through flexible 
polymer chain, resulting in a thicker adsorbed layer with more viscoelastic characteristics (more 
hydrogen bond formation).  
The larger Rg of KL-METAM than KL-ATAC also enhanced its adsorption behaviour (Figure 
A11) through more extensive mechanical entanglement with silica surface, which raised their 
physical interactions.  
As seen in Figure 4.5-a, the fast adsorption of the CKLs occurred at an initial stage of adsorption 
(steeper ΔD/ΔF slope of the curve), and the surface of SiO2 sensor was gradually covered with 
polymers as the adsorption proceeded. This might be due to the more accessible sites for adsorption 
of CKLs at the initial adsorption of adsorption indicating a more dissipative and softer adlayer. 
The changes in the ΔD/ΔF slope in the early and later stages of adsorption of CKLs were attribiuted 
to the conformational changes of lignin macromolecules in the adsorbed layer when they possessed 
differnet Rg.60 The reduction in the slope of the curve (Figure 4.5-b) is an indication that the layer 
becomes more rigid due to increased packing density at the later stage of adorption.23 This analysis 
highlighted the fate of the molecular structure of CKLs on their adsorption and viscoelastic 







Figure 4. 5 Semi-log plot of changes in frequency and dissipation of the SiO2 sensor for the adsorption of 
CKLs at a) initial and b) late stage as a function of Rg 
To examine the correlation between adsorption behaviour of CKLs and their stability performance 
as a result of the self-assembly of the polymers in aqueous solutions, the sediment thickness of 
CKL was plotted over their adsorbed mass on QCM sensor and results presented in Figure 4.6. 



















































demonstrated to be extremely efficient in producing thick sediment layer in aqueous solution (high 
values of ΔMExperimental in Figure A10-b).  As stated earlier, the instability of polymer solutions and 
their adsorption behaviour are directly associated with their surface properties. The higher charge 
density and molecular weight of CKLs facilitate their self-aggregations via non-covalent 
interactions (i.e., hydrogen bonding, π–π stacking, chain entanglement, etc), which enable the 
formation of particles with significant Rh (Figure A6). KL-METAM polymers with larger Rg and 
Rh showed higher adsorbed mass and adsorbed layer thickness (Figure A10), which in turn 
generated thicker sediment in the aqueous solution. Considering the higher dissipation values of 
KL-METAM than KL-ATAC polymers upon adsorption (Figure A11), it can be postulated that 
the sediment compactness of KL-METAM was lower than KL-ATAC. Owing to its more three-
dimensional structure, KL-METAM would trap more water molecules leading to reduce the 
sediment concentration. 
 
Figure 4. 6 Effect of adsorbed mass on the settling behaviour of CKLs with various Mw 






























The rheological behaviour of macromolecules can be correlated with their chemical structures and 
polymer chain conformations in solutions.42,61,62 The bulk viscoelastic properties of CKLs (4 wt 
%) at ambient temperature as a function of frequency (ω) are illustrated in Figure A12. Storage 
moduli (G′) is the elasticity property that describes the amount of energy stored in the elastic 
structure and loss (G″) moduli represents the magnitude of energy dissipated by the material in a 
cycle of deformation.63 Generally, increasing the grafting ratio of polymers led to an increase in 
both elastic and viscous moduli of CKLs as a consequence of more attachments of cationic 
monomer to lignin backbone. In addition, G′ > G″ reflected the more elastic behavior of CKLs. 
The changes in G′ and G″ were more highlighted in their high frequency regions. The crossover 
of G′ and G″ defined as the gel-like structure of polymer was observed for all the samples at the 
lower frequency regions (<20 rad/s) and suggested the transition of samples from a liquid-phase 
dominated to a solid-phase dominated viscoelastic behavior.64 This transition also reflected the 
formation of an interconnected network of polymer chains (i.e., self-organization of polymers in 
solutions) as discussed in section 3.2.  
The higher storage modulus of KL-METAM (Figure A12), specially at the maximum grafting 
ratio, indicated that its more three dimensional structure than KL-ATAC developed more 
entanglement between KL-METAM chains. This behavior leads to the topological restriction of 
molecular motion, decreasing the relative slippage between chains and formation of a stable 
network structure.  
The impact of polymer conformation on the bulk rheological behaviour of CKL solution was 
further studied, and the changes of storage and loss modulus as a function of Rg was presented in 





region (100 rad/s), in which the changes of storage and loss modulus were more observable. As 
expected, the viscoelastic properties of CKL solutions was strongly influenced by the molecular 
weight of the polymer. Generally, CKLs with larger Mw and Rg (as a result of higher grafting ratio), 
exhibited the higher values of G′ and G″ since longer chains led to a higher amount of 
entanglements present in the tested solutions. However, compared to KL-ATAC, KL-METAM 
polymer chains with having a larger Rg at any grafting ratio started to lose their mobility and could 
store more energy when they subjected to oscillation.  
To compare the bulk and adlayer viscoelastic properties of CKLs at different molecular sizes 
(Figure A13), the storage and loss modulus of CKLs from QCM experiment was depicted as a 
function of Rg (Figure 4.7). In contrast to bulk viscoelastic properties, the loss modulus of CKLs 
was larger than its storage modulus postulating less elastic behaviour of lignin macromolecules 
owing to high water content in the adlayer and formation of hydrogen bonding of lignin solution 
with silica surface.65 The greater G″ and lower G′ of KL-METAM compared to those of KL-ATAC 
could be due to higher adsorption affinity of former polymer with SiO2 surface and its more 
dissipation values (Figures S6 and 5) as a result of higher charge density and more three 
dimensional structure of KL-METAM polymer.66 It should be stated that the higher values of G′ 
and G″ for the adsorbed adlayer compared with those of bulk CKL solutions is attributed to the 
higher concentration of lignin macromolecules adsorbed on the surface of the QCM sensor than 






Figure 4. 7 Semi log plot of rheological characteristics of CKLs during adsorption as a function of Rg. 
4.4.6 Thermal Behavior of Lignin Macromolecules  
 
In the process of agglomerate formation of lignin, noncovalent interactions can also affect the 
thermal properties of lignin, in which strong interactions result in a decrease in the thermal 
molecular motion of the lignin macromolecule.52 Thus, the molecular structure of CKLs can 
significantly contribute to their thermal behaviour. 
The glass transition temperature (Tg) and heat capacity (Cp) of polymers were also summarized in 
Table 4.1, and an increase in Tg value of CKLs were observed with the increase in the monomer 
content. The Tg of unmodified softwood kraft lignin was reported to be 155°C.67 The addition of 
METAM or ATAC monomer to lignin structure after the polymerization reaction raised the 
molecular weight of CKLs leading to a reduction in the flexibility and mobility of the polymer 
chain and enhancement in Tg values.68,69 In comparison to KL-METAM, KL-ATAC showed 
higher Tg values at various grafting ratios. This behaviour can be ascribed to the more compact 
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However, KL-METAM polymer with an extra –CH3 in its structure and more three-dimensional 
conformations (higher Rg) expressed a higher molecular motion, resulting in a lower Tg at entire 
grafting ratios. The similar trends were observed elsewhere.70  
The Tg of a polymer can also be used as an indicator for miscibility of the material. According to 
the literature, a single Tg demonstrates miscibility between the components (in polymers or 
composites) while two or more Tg values imply immiscibility (or lower interactions between the 
components).71 The results in Table 4.1 suggested that, lignin polymer had more homogenous 
structure up to approximately 80 wt % grafting ratio. However, an increase in the cationic 
monomer content to the lignin core yielded a lower uniformity of CKLs because they showed two 
Tg, the lower Tg value corresponded to the METAM and the higher Tg associated with lignin.  
Although Tg of CKLs were altered smoothly as a function of grafting ratio, the values of heat 
capacity difference at Tg (ΔCp) were scattered in a range from 0.018 to 0.25 J/g°C. According to 
the literature,72 a high ΔCp illustrates the high molecular mobility of polymer chains results in a 
decrease in Tg value. Considering the fact that ΔCp values of amorphous polymers (i.e., lignin) are 
in the range of 0.2 to 0.4,73 the lower ΔCp values of CKLs suggested that their molecular motion 
was restricted either to the lignin or cationic monomer part.74 
Table 4. 1 Properties of DSC analysis for CKLs at different grafting ratio. 
Sample Grafting 
ratio, mol % 
Tg1 (°C) Tg2 (°C) Cp1 (J/g°C) Cp2 (J/g°C) 
KL-METAM 53.5 90.8 - 0.052 - 
KL-METAM 63.4 91 - 0.45 - 





KL-METAM 77.9 91.2 - 0.036 - 
KL-METAM 80.3 91.2 141 0.032 0.15 
KL-METAM 97.7 91.3 134 0.03 0.12 
KL-METAM 98.6 91.5 131 0.024 0.084 
KL-METAM 120.7 91.6 133.4 0.02 0.075 
KL-METAM 125.5 92.1 161.0 0.018 0.07 
KL-ATAC 35.2 92.1 - 0.047 - 
KL-ATAC 46.2 92.2 - 0.047 - 
KL-ATAC 65.3 92.3 - 0.045 - 
KL-ATAC 74.4 92.3 119.2 0.042 0.25 
KL-ATAC 80.2 92.4 115.7 0.042 0.21 
KL-ATAC 95.5 92.5 171.4 0.041 0.211 
KL-ATAC 106.5 92.6 125.9 0.04 0.206 
KL-ATAC 118.7 92.7 123.7 0.041 0.2 




Results revealed that KL-METAM polymer with more three dimensional configuration was more 
efficient in the stability of the system by forming large agglomerates (Figures 3 and S2), which 
may be beneficial for some applications where the precipitation and removal of suspended 
materials are crucial such a sedimentation tanks or clarifiers in wastewater treatment plants.75 





S6). This macromolecule may be suitable for some applications where bulkiness of the film is 
critical to adsorb a higher amount of suspended particles (i.e., ions, dye molecules, proteins).76 The 
bulky structure of the film may offer some optical and mechanical.77,78 The higher solid-like 
behaviour of KL-METAM than KL-ATAC in bulk solution (Figures 7 and S8) can make KL-




In this work, the effect of chain conformation on surface properties, colloidal stability, adsorption 
capacity and viscoelastic characteristics of lignin polymers was investigated. Double logarithmic 
plot of Rg as the function of Mw illustrated that KL-METAM might adopt a flexible chain 
conformation while KL-ATAC exhibited a more compact coil configuration owing to more steric 
hindrance of extra methyl group of METAM monomer on KL-METAM. The shape factor 
parameter also revealed that with increasing the monomer content, the morphology of the CKLs 
transformed from hyperbranched polymer cluster to rigid-rod structure. The contact angle and 
surface tension of water containing KL-METAM were smaller than those of KL-ATAC for the 
whole range of Rg. It was observed that the self-assembly of CKL was enhanced with time in which 
the KL-METAM with larger Rh was aggregated more aggressively than KL-ATAC. The 
sedimentation studies demonstrated that the destabilization index and settling velocity of KL-
METAM solution increased progressively with increasing Rg at both regular and accelerated 
gravitation owing to its higher self-association capability. At initial and later stages of adsorption, 
KL-METAM deposited more greatly and generated a bulkier adsorbed layer on the SiO2 surface 





correlation between the Rg of CKLs and storage (G′) or loss modulus (G″) was observed when 
CKLs oscillated in bulk solution and during course of adsorption. CKLs exhibited more solid-like 
behaviour in the bulk solution, while they behaved more viscoelastically upon adsorption on SiO2. 
The more three-dimensional structure of KL-METAM and higher chain entanglement in bulk 
solution resulted in the higher elastic characteristic of KL-METAM.  The higher Tg values of KL-
ATAC confirmed that its molecular chain movement was restricted due to the more compact 
conformation of this polymer, enhancing its rigidity. The fundamental understanding on the effect 
of molecular architecture on the lignin-based polymers will allow for the molecular design of 
lignin macromolecules with desired characteristics that are crucial for different applications. 
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Chapter 5: Polarity of Cationic Lignin Polymers: Physicochemical Behavior 




The structure of cationic monomers would significantly impact the polarity of lignin after 
polymerization. Cationic hydrolysis lignin (CHL) polymers were produced via polymerizing 
hydrolysis lignin (HL) with [3-(Methacryloylamino) propyl] trimethylammonium chloride 
(MAPTAC) or [-2-(methacryloyloxy)ethyl] trimethyl ammonium chloride (METAC). METAC 
monomer had oxygen atom with larger electronegativity on its molecular structure while 
MAPTAC monomer contained nitrogen atom as well as an extra non-polar group of CH2 
facilitating the investigation on the fate of polarity of CHLs on their physicochemical performance 
in an aqueous system. CHL polymers were analyzed and their interaction with clay particles was 
determined in colloidal systems. CHLs were designed to have similar charge densities (2.1-2.2 
mmol/g) and molecular weights (55,000 – 60,000 g/mol). The hydrodynamic radius, Hy, and radius 
of gyration, Rg, of HL-METAC were larger than those of HL-MAPTAC implying the more 3-
dimensional structure of HL-METAC in aqueous solutions. The stability ratio of kaolin particles 
affirmed the better performance of HL-METAC than HL-MAPTAC, which would reflect the 
better flocculation efficiency of HL-METAC. The results also revealed that salt and urea aqueous 
solutions affected the Hy, Rg and configuration of CHL polymers, which would alter the 
flocculation efficiency of HL-METAC and HL-MAPTAC polymers in kaolin suspensions. 







Flocculation processes have great uses in many industrial applications, such as water and 
wastewater treatment, mineral recovery, and paper manufacturing. Clay, and in particular kaolin, 
has been recognized as one of the most problematic minerals in the wastewater treatment of 
different industries due to the formation of highly stable suspensions and challenging separations.1-
3 In this context, the stability of kaolin suspension is stemmed from the colloidal size, anisotropic 
shape, and the negatively charged basal faces of kaolin particles.4,5 As kaolin particles carry 
slightly negative charges, cationically charged polymers are generally used for the flocculation of 
kaolin particles in suspensions.6,7 Recently, natural polymeric flocculants have received great 
attention to destabilize colloidal systems.8-10 As a natural macromolecule, lignin is one of the 
abundant resources of aromatic compounds with a three-dimensional structure composed of 
phenylpropane connected by various linkages.11,12 Enzymatically hydrolyzed lignin, which is 
called hydrolysis lignin (HL), is a by-product of an enzymatic process for sugar production from 
lignocellulosic biomass, but it has a limited industrial use currently.13-15 To valorize this lignin, 
cationic polymerization has been a promising method as it improves the water solubility and 
charge density of hydrolysis lignin.16 Our previous studies focused on the polymerization of kraft 
lignin with [2-(acryloyloxy)ethyl]trimethyl ammonium chloride (ATAC), [2-(methacryloyloxy) 
ethyl] trimethyl ammonium methyl sulfate (METAM) and [2- (methacryloyloxy)ethyl] 
trimethylammonium chloride (METAC) in an acidic environment to produce cationic flocculants 
for simulated wastewater effluents.17,7 However, to the best of our knowledge, [3-
(Methacryloylamino)propyl] trimethylammonium chloride (MAPTAC) has not been studied for 





to introduce cationic charges to lignin, their structures are different, which may affect their 
polymerization performance and the properties of induced lignin polymers. The structure of 
polymers imparts varied polarities to polymers, which may affect their behavior in aqueous 
solutions. In the past, strategies were developed to design polymers with different polarities and 
solubilities through polymerization reactions.18,19 The polarity of polymers may also affect their 
hydrogen bonding development and electrostatic interaction with other colloidal particles.20,21 The 
first objective of this work was to study how different polarities of the generated cationic lignin-
based polymers would affect their physicochemical properties in aqueous solutions. Furthermore, 
studies reported the impact of the polarity of polymers on the flocculation efficiency and stability 
of colloidal particles. Recently, the effect of chitosan’s polarity on the particle agglomeration, floc 
sizes, zeta potential, and turbidity of kaolinite suspension was investigated.22 The results showed 
the direct relationship between the size and degree of polarity of formed flocs.22 In another study, 
sulfonated polystyrenes with varied sulfonation degrees were produced to precipitate a model 
asphaltene suspension, and the polymers with greater polarities had better flocculation 
performance.23 These studies suggest that the polarities of polymers may directly affect their 
performance in interacting with other particles in suspensions. In this regard, the impact of lignin-
based polymers (with different polarities) on the flocculation of kaolin suspension is unclear, 
which is the second objective of the current study.  
To investigate the mechanism of flocculation, salts and urea have been used in the past.24,25 Salts 
generally screen the charges of colloidal particles revealing the influence of charges in the 
interaction of colloidal particles.26 Urea has also been extensively utilized for diminishing 
hydrogen bonding and exposing hydrophobic interaction of colloidal particles in aqueous systems. 





adsorption on trypsin and the particle size of LA-chitosan/trypsin in salt and urea environment 
were investigated.27 It was reported that the adsorption efficiency of LA-chitosan on trypsin 
dropped as salt and urea concentration increased.27 The third objective of this study was to utilize 
salt and urea in the aqueous suspension system for understanding the adsorption and flocculation 
performance of the lignin-based polymers. The main novelties of the present study were the 
exploitation of the role of the polarity of cationic lignin-based polymers in altering their structures 
in colloidal systems, and ultimately in their interaction and flocculation of kaolin particles.  




Enzymatically hydrolyzed lignin (HL) used in this study was received from FPInnovations, Pointe-
Claire, QC, Canada, which was derived from hardwood chips. However, the purity of HL source 
was not defined. [2-(methacryloyloxy) ethyl] trimethyl ammonium chloride solution (METAC), 
80 wt.% in H2O, [3-(Methacryloylamino) propyl] trimethylammonium chloride (MAPTAC), 50 
wt.% in H2O, sodium persulfate (Na2S2O8), poly diallyl dimethyl-ammonium chloride 
(PDADMAC, 100,000–200,000 g/mol), 20 wt.% in water, deuterated chloroform (CDCl3), 
pyridine (C5H5N), cyclohexanol (C6H12O), chromium(III) acetylacetonate, 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane, d6-dimethyl sulfoxide (d6-DMSO), deuterium oxide (D2O), 
urea, potassium chloride (KCl), sulfuric acid, sodium hydroxide and kaolin clay were all purchased 
from Sigma-Aldrich company. Ethanol (95 vol.%) was received from the Fisher Scientific 
company. Potassium polyvinyl sulfate (PVSK, 100,000–200,000 g/mol, 97.7 wt.% esterified) was 





was provided by Spectrum Labs. Deionized water with a resistivity of less than 18 MΩ/cm was 
generated using a Millipore water purification system, and it was used in all the experiments. 
5.3.2 Theoretical analysis 
 
The Gaussian 09 software Rev. D.01 (Gaussian, Wallingford, CT, USA)28 with the density 
functional theory (DFT) method at the B3LYP/6-311++G (d, p) theory level was used to determine 
the dipole moment of a lignin unit attached to cationic monomer (METAC or MAPTAC). 
5.3.3 Cationization of hydrolysis lignin 
 
Cationic hydrolyzed lignin (CHL) was synthesized in a semi-dried condition based on the method 
developed in the previous work [17]. In this set of experiments, 2 g of HL was mixed with water 
to make a mixture of 60 wt.% solid content. The polymerization reaction was performed at 
different reaction temperatures (70, 80, and 90°C), times (1, 2, and 3 h), Na2S2O8 dosages (0.75 
wt.% and 1.5 wt.% based on lignin mass) and cationic monomer (METAC or MAPTAC)/lignin 
mole ratios (0.4, 0.8, 1.2, 1.6 and 2.4 mol/mol).  
To obtain the CHLs with similar charge densities and molecular weights, the polymerization 
reaction was initiated by adding sodium persulfate (1.5 wt%) to the lignin suspension to generate 
sulfite radicals. The conditions for HL-METAC production were METAC/HL ratio of 0.8 
mol/mol, 70 °C reaction temperature, and 2 h reaction time; and for HL-MAPTAC production 
were MAPTAC/HL ratio of 1.6 mol/mol, 3 h reaction time and 80 °C reaction temperature. The 
pH of the reactions was adjusted to 3.6 ± 0.2, and the systems were deoxygenated by purging 
nitrogen gas for several minutes before the polymerization reactions. Upon completion, the 





mixing the reaction products with 80 wt.% ethanol. The mixtures were then centrifuged at 3500 
rpm for 10 min to separate the CHL from the rest of the suspensions. After that, the precipitates 
were mixed with deionized water, neutralized and kept in membrane tubes for 48 h of dialysis to 
remove any inorganic salts and unreacted cationic agents. Subsequently, the purified CHLs were 
dried in an oven at 60°C and used in this study. 
5.3.4 Characterization of HL and CHL 
 
Charge density determination 
CHLs were partly soluble in water. In this experiment, 0.2 g of dried CHLs was mixed with 20 
mL of deionized water and shaken for several hours. After centrifugation at 1000 rpm for 5 min, 
the supernatants (i.e., the soluble part of CHLs) were collected and titrated against the PVSK 
solution (0.005 M) using a Particle Charge Detector, PCD (Mütek PCD 04 titrator, Herrsching, 
Germany) for determining their charge density. The charge density of the insoluble part of CHLs 
was also measured by the PCD instrument following the back titration method according to 
previously established work. Finally, the overall charge densities of CHLs considering the soluble 
and insoluble charge densities of CHLs were reported in this study.29 
Phenolic hydroxy group analysis 
The phenolic hydroxy group of CHLs was measured using an automatic potentiometric titrator, 
785 Titrino. In this analysis, 0.06 g of CHLs was dissolved in 1 mL of KOH (0.8 M) and then 4 
mL of para-hydroxybenzoic acid (0.5 wt %) was added to the system as an internal standard. 
Afterward, 100 mL of deionized water was added to the system and mixed for 2 h. The solutions 





Molecular weight analysis 
Gel permeation chromatography (Malvern, GPCmax VE2001 Module + Viscotek TDA305) was 
used for determining the molecular weight of CHL. This instrument was equipped with multi-
detectors (UV, RI, viscometer, low and right-angle laser detectors), and 5 wt.% acetic acid was 
used as eluent/solvent. Polyanalytic PAA206 and PAA203 columns were used, and the 
temperature of columns and their flow rates were adjusted to 35°C and 70 mL/min, respectively. 
In this analysis, 35 mg of CHLs were dissolved in 10 mL of a 5% acetic acid solution and mixed 
for 24 h at room temperature. Afterward, the filtration of the samples was carried out using a 0.2 
µm nylon filter (13 mm diameter) and the samples were used for the molecular weight analysis. 
Nitrogen content analysis 
The organic elements of CHL and HL were determined via an elemental analyzer (Vario EL Cube, 
Elemental Analyzer, Germany). In this experiment, 2 mg of dried samples were transferred into 
the carousel chamber of the instrument and combusted at 1200 °C to reduce the generated gasses 
to determine their carbon, hydrogen, nitrogen, sulfur, and oxygen contents. Based on the nitrogen 
content of the samples, which was originated from the cationic monomer of CHLs, the grafting 
ratio of samples was identified according to a previous study:30 








× 100   (1) 
where N is the nitrogen content of CHL or HL (%wt.), and Mw is the molecular weight of METAC 





The chemical structures of HL and CHL polymers were also analyzed using the Fourier 
Transformed Infrared (FTIR) and 1H NMR as explained in the supporting information.  
Hydrodynamic radius 
Dynamic light scattering (DLS) instrument, BI-200SM Brookhaven Instruments, USA, was used 
for measuring the hydrodynamic radius (Hy) of the HL and CHL polymers. In this set of 
experiments, 1 g/L of HL and CHLs were prepared with deionized water. The solutions were then 
stirred at 300 rpm for 24 h and room temperature. In another set of experiments, lignin samples 
were mixed with KCl or urea solutions (10mM) to produce 1 g/L of salt or urea containing lignin 
solutions. Afterward, 20 mL of CHLs were filtered using a 0.45 μm disposable syringe filter. Then, 
the hydrodynamic radius of lignin samples was determined using the method described by Yan 
and coworkers.31 The light source of the instrument was set at the maximum power of 35 mW and 
the wavelength of 637 nm. The scattering angle was also fixed at 90°.  The reported data of this 
analysis was the average value of three repetitions.  
Radius of gyration 
Static light scattering (SLS) instrument that was attached to a goniometer (Brookhaven BI-200SM, 
Holtsville, NY, USA) was used to measure the radius of gyration (Rg) of HL and CHLs. Lignin 
solutions with different concentrations (0.2-2 wt.%) were prepared in an alkaline aqueous solution 
(0.5 M NaOH) at room temperature. Sodium hydroxide solution was used as a solvent to solubilize 
lignin polymers since they were not completely soluble in water at pH 7. Moreover, NaOH solvent 
yielded the largest difference between refractive indices providing the best signal at a given sample 
concentration in this analysis (i.e., more accuracy).32 In another set of analyses, the predetermined 





and urea on Rg of HL or CHL. A nylon syringe filter (30 mm diameter and 0.45μm pore size) was 
then used for sample filtration. The intensities of lignin samples at various angles (15 ° - 155 °) 
were analyzed using the SLS instrument, while the wavelength of laser polarized light was set at 
637 nm. BIC Zimm Plot software (Holtsville, NY, USA) was used to obtain the Rg of the 
polymers.33 
Also, 31P-NMR was acquired to analyze the chemical structures of lignin polymers. In this 
analysis, phosphitylation reaction of HL and CHL samples were conducted with 2-chloro-4,4′,5,5′-
tetramethyl-1,3,2-dioxaphospholane. First, 36 mg of the samples were dissolved in a 1.6/1 v/v 
CDCl3 and C5H5N solvent mixtures. After several minutes of mixing, the appropriate amounts of 
cyclohexanol (0.2 mmol/mL) and chromium (III) acetylacetonate (0.20 mmol/mL) solutions were 
added to the mixtures, while the former one was used as an internal standard and the latter one was 
used as the relaxation agent in the NMR analysis. Finally, 102 μL of phosphitylation agent was 
added to the dissolved solutions to initiate the phosphitylation reaction. 31P-NMR spectra were 
acquired with a 90° pulse width and a 5 sec relaxation delay following 512 scans.46 
5.3.5 Adsorption test 
 
To study the adsorption of CHL samples on kaolin particles, different dosages (2-128 mg/g based 
on kaolin) of HL and CHLs (1 g/L) were added to the kaolin suspension. The pH of kaolin 
suspension was adjusted to 6. Then, the prepared samples stirred at 150 rpm and 30 °C in a water 
bath shaker for one hour. After that, the mixtures were centrifuged (4500 rpm for 10 min) and 
filtered. The concentration of HL and CHL remained in the supernatants was measured using a 
UV-Vis spectrophotometer (Genesys 10S UV–vis, Thermo Fisher Scientific, USA) at the 





urea on the adsorption performance of CHLs, the optimum dosage of 80 mg/g (based on kaolin) 
of CHLs was maintained in the kaolin suspension (0.5 g/L) at various salt and urea concentrations 
(i.e., 0.01-1000 mM) and the above-mentioned analysis was repeated for these samples.  
5.3.6 Flocculation analysis via photometric dispersion analyzer (PDA) 
 
The aggregation of kaolin particles was monitored using a photometric dispersion analyzer (PDA 
3000, Rank Brothers Ltd). In this setup, the PDA instrument was connected to a dynamic drainage 
jar (DDJ) and fitted with a 70-mm mesh screen. The kaolin suspension was added to the DDJ cell 
containing water to make a 1 g/L concentration while stirring at 300 rpm and pH 6. Kaolin 
suspension was pumped from DDJ cell through a 3 mm transparent plastic tube into the photocell 
of the PDA that measured the fluctuations of transmitted light. Changes in the intensity of 
transmitted light identify two major components: VDC that represents average transmitted light 
intensity and VRMS that defines the root mean square of the fluctuations in the transmitted light. 
The considerable increase in the proportion of VRMS to VDC signal, known as a ratio (R) or 
flocculation index, is an indicator of particle growth.34 
After kaolin suspension reaching equilibrium in the light transmission, the CHLs were added to 
the system (0.2-20 mg/g of CHL in kaolin system) and R was measured every second until it 
reached a plateau. By elapsing time, a significant increase in the size of flocs occurred and the 
flocculation rate, ki, was determined (i.e., the maximum flocculation growth rate ratio). The 


















where kfast is the fastest maximum growth rate in the flocculation process defined by log W=0. In 
this system, log W=∞ represents a stable kaolin suspension.35 In this analysis, the fastest 
aggregation rate of kaolin was selected as the reference Kfast, with which the initial aggregation 
rate, Ki, of kaolin particles in the presence of CHL polymers was compared.  
5.3.7 Flocculation analysis via focused beam reflectance measurement (FBRM) 
 
The flocculation behavior of CHL in the kaolin suspension and the properties of formed flocs were 
studied at different CHL/kaolin ratios by monitoring the chord length of the flocs in real-time using 
an FBRM instrument, G400, Mettler Toledo, E25, Switzerland. The focal point position of the 
laser beam was set at -20 µm.36,37 In this experiment, 200 mL of kaolin suspension (25 g/L) was 
dispensed in a 500 mL beaker at pH 6. Then, the probe was inserted into the suspension 20 mm 
below its surface. The impeller intensity was adjusted at 200 rpm. After reaching a steady-state 
mixing status, the desired amounts of CHLs (i.e., based on the optimum dosage from PDA 
analysis) were added to the system and the chord length of particles was measured every 5 s. The 
analysis of the experimental results was conducted using 90 log channels over the range of 1 and 
1000 μm using the IC-FBRM software. To investigate the effect of KCl and urea on CHLs/kaolin 
flocculation, a similar analysis was conducted using different concentrations of salt and urea (0.1-
1000 mM) under the experimental conditions stated in this section. 
5.4 Results and Discussion 
 
5.4.1 Structure of lignin polymer  
 
In this work, HL-METAC and HL-MAPTAC were produced following free radical polymerization 





moment (µ) vectors on each polymer cannot cancel each other creating polar molecules. As seen 
in Scheme 5.1, the larger electronegativity of the oxygen atom in the METAC structure of HL-
METAC makes this macromolecule interact more with colloidal particles in an aqueous solution 
(i.e., electrostatic interactions). Moreover, the MAPTAC monomer contains an extra non-polar 
group of CH2 in its molecule (Scheme 5.1), which would make the overall polarity of HL-
MAPTAC less than that of HL-METAC. To quantify the polarity of CHLs, Gaussian 09 software 
was used to simulate the structure of CHLs. The source of lignin used in this study was hardwood, 
which consists of both sinapyl and coniferyl alcohol units.38 Hardwood lignin (also known as 
guaiacyl (G) - syringyl (S) lignin), composed of primary monolignols coniferyl alcohol and sinapyl 
alcohol-derived units in different ratios.38 The 31P NMR spectrum and hydroxy groups of HL 
(Figure A14 and Table A3 in supporting information) confirmed that lignin macromolecule was 
composed of 4.13 mmol/g aliphatic OH, 0.95 mmol/g phenolic OH and 0.17 mmol/g COOH. The 
phenolic OH of HL was composed of 0.66, 0.27, and 0.02 mmol/g syringyl, guaiacyl, and phenolic 
diphenyl (5-5') subunits, respectively. Therefore, the S type lignin with the highest amount of OH 
in the phenolic part was chosen for this molecular simulation. After the attachment of the first 
monomer, the repeating monomer units of METAC and MAPTAC in HL-METAC and HL-
MAPTAC are the same. Hence, for measuring the polarity of CHL molecules, the dipole moment 
of syringyl lignin that has only one group of attached METAC or MAPTAC was considered for 
the simulation. A similar assumption was also considered in the literature for analyzing the 
adsorption behavior of lignin-based polymers.39 The dipole moment is an important physical 
property of a molecule that is vital in determining molecular polarity and is a key factor for 
understanding and quantifying the intermolecular interactions.40,41 Dipole moments occur when 





due to the differences in their electronegativity, which tends to orient a molecule in a polarized 
dielectric.42,43 The overall polarity of a molecule not only depends on the polarity of its bonds but 
also on its molecular shape and geometry. Accordingly, the dipole moments of METAC and 
MAPTAC monomers attached to one unit of lignin were calculated and the magnitude of their µ 
were 25.9 and 16.7 D, respectively. The higher value of dipole moment showed a higher polarity 
of HL-METAC than HL-MAPTAC.44 
5.4.2 Characterization of lignin polymer 
 
Proposed reaction scheme 
The chemical structures of CHLs are proposed in Scheme 5.1. The hydrolysis lignin is rich in 
carbohydrates and it usually extracts in the form of lignin-carbohydrate complex (LCC) after 
enzymatic hydrolysis of biomass.45 Hence, a phenylpropane unit (i.e., Sinapyl alcohol) of lignin 
attached to a carbohydrate unit (i.e., Sugar) represents the hydrolysis lignin in Scheme 5.1. The 
polymerization reaction of lignin and METAC or MAPTAC was carried out in an aqueous solution 
following a free radical polymerization mechanism. In this reaction, sodium persulfate was 
considered as the initiator. The sulfate radicals can initially be produced by heat decomposition, 
which can react with the phenolic OH groups of lignin to form phenoxy radicals (Scheme 5.1). 
The formation of these radicals on the lignin structure, which are the reaction sites for 
polymerization, facilitate their reactions with the cationic monomers (METAC or MAPTAC) or 
propagate monomers to form HL-METAC or HL-MAPTAC.  
However, sulfate radicals can initiate the homopolymerization of cationic monomers to form 






The 31P-NMR spectra of HL and CHLs are depicted in Fig S1 and the quantitative data on various 
–OH groups of lignin samples are also listed in Table A3. The results confirmed that after 
polymerization of HL with METAC and MAPTAC, the amount of aliphatic hydroxy groups 
present in the final products reduced to 0.65 and 0.46 mmol/g (from 0.95 mmol/g) and the –OH 
groups originated from phenolic moieties decreased to 1.81 and 1.38 mmol/g (from 4.13 mmol/g), 
respectively (Table A3). Hence, it can be claimed that the polymerization proceeded through the 
participation of hydroxyl groups of lignin in the radical polymerization reaction as it was reported 
previously.46 However, almost half of the –OH groups remained intact. 31P-NMR results also 
postulated that 67% and 52% of total aliphatic and phenolic hydroxy groups of HL participated in 
the polymerization reaction with MAPTAC, while the aliphatic and phenolic hydroxy groups of 
HL involved in the radical polymerization with METAC monomer were 56 and 32%, respectively. 
The 1H NMR spectra of HL and CHLs are shown in Figure A15. The broad peak at 7.3-8 ppm was 
associated with the lignin’s aromatic structure.47 
The peak at 5.15 ppm was attributed to the aliphatic protons and the signals at 4.01 ppm were 
assigned to the methoxy protons (–OCH3) of lignin.[7] Additionally, the observed signal at about 
3.15 ppm could be assigned to the protons of hemicelluloses anhydroxylose units.48 The peak at 
4.75 and 3.5 ppm were also belonged to D2O and DMSO-d6, respectively. 
The characteristic peaks for CHL polymers appeared at 1.6-2.2 ppm, 2.8 ppm, 4.1 ppm, 4.5 ppm, 
and 5.2 ppm. Peaks at 1.6-2.2 ppm were associated with the protons of methyl group of METAC 
or MAPTAC monomer and the peak at 2.8 ppm was assigned to the methylene protons of cationic 





protons of amide groups (C=O ─NH) was evidenced by the peaks around 5.2-5.7 ppm.[7] 
Moreover, the peak at around 4.5 ppm in the spectra of HL-METAC and HL-MAPTAC, which is 
absent in that of unmodified hydrolysis lignin corresponded to the protons of ─CH2 attached to the 
phenolic hydroxy group of HL via ether bond (─CH2─ O─C6H5).46,49 The 1H NMR analysis 
confirmed that the phenolic hydroxyl groups of lignin were the active sites for the polymerization 
of HL and METAC or MAPTAC monomers.  
FTIR Analysis 
The FTIR spectra of HL and CHL polymers are presented in Figure A16. The wide peak around 
3400 cm-1 was attributed to the O─H stretching absorption in the phenolic and aliphatic 
compounds of both HL and CHL, and a band around at 2900 cm-1 was assigned to the C─H 
stretching in the methyl groups.50 Since the hydrolysis lignin contains carbohydrates fractions, the 
observed signal at around 1035 cm-1 was originated from the stretching vibration of ether bond in 
the polysaccharide compound of HL.51 
In the spectrum of CHLs, the new peaks appeared at 1461 cm-1 and around 960 cm-1, which were 
assigned to C─N bending, and methyl groups of quaternary ammonium in cationic monomers, 
respectively. HL-METAC spectrum indicated an absorption peak at 1724 cm-1, which was 
attributed to the C=O stretching vibration.7 The displayed band of NH─CO (amide group) at 1630 
cm-1 was also observed in the spectrum of HL-MAPTAC polymer.52 Therefore, the existence of 
new peaks on CHL polymers illustrated that the polymerization of lignin with METAC or 












Scheme 5. 1Chemical structure of CHL polymers. “m” represents the number of cationic groups attached 
to lignin. 
5.4.3 Properties of CHLs 
 
The quaternary ammonium group in METAC and MAPTAC structure provides the cationic charge 
density of CHL. The properties of HL and CHL are shown in Table 5.1. As seen, both CHLs were 
produced to have a similar charge density, molecular weight, solubility and grafting ratio. 
However, the properties of HL are substantially different from those of CHLs. The charge density 
of HL was −0.47 mmol/g, and it reached to +2.1 and +2.2 mmol/g after polymerization with 





and MAPTAC attached to the lignin backbone in CHLs. Although HL-MAPTAC had a higher 
nitrogen content stemming from two nitrogen elements in its structure, the grafting ratio and 
molecular weight of HL-METAC were very close to those of HL-MAPTAC. As HL was insoluble 
in acetic acid, it was not possible to measure its molecular weight in this work. Similar molecular 
weight distribution curves for HL-METAC and HL-MAPTAC were also observed in Figure A17. 
A slightly higher molecular weight of HL-MAPTAC (60 × 103 g/mol) than HL-METAC (54 × 103 
g/mol) could be attributed to the higher grafting of MAPTAC monomer to HL (Table 5.1). 
It is worth mentioning that the phenolic OH group of lignin can inevitably induce a radical reaction 
for its polymerization with METAC or MAPTAC.53 The phenolic OH group of lignin was reduced 
from 1.2 mmol/g for HL to 0.71 and 0.66 mmol/g for HL-METAC and HL-MAPTAC, 
respectively. However, since the OH groups of HL were mostly composed of aliphatic hydroxy 
groups (Figure A14 and Table A3), which was less reactive than phenolic OH,54 the 
polymerization reaction was not performed effectively. As a result, the increase in the molecular 
weight of CHLs was not significant. It is also obvious that HL-METAC and HL-MAPTAC had 
the polydispersity of 1.4 and 1.6, respectively. The low polydispersity could be attributed to the 
small relative differences in the chains of CHLs as polymerization process could proceed (i.e., 
enhancement of polymeric chain length).55 Moreover, after the polymerization reaction, the 
hydrodynamic radius of HL was increased from 21.9 nm to 32.4 and 27.1 nm for HL-METAC and 
HL-MAPTAC, respectively. 
Table 5. 1 Properties of HL and CHLs. 
Sample HL HL-METAC HL-MAPTAC 





Solubility, wt.% 45±1.2 51±1.3 55±0.8 
Nitrogen, wt.% - 3±0.1 5.7±0.2 
Grafting ratio, mol% - 78.5±0.1 82.5±0.2 
Phenolic OH, mmol/g 1.20±0.03 0.71±0.04 0.66±0.02 
Mw, g/mol - 55±6.3 × 103 60±3.1 × 103 
Mn, g/mol - 37±4.2 × 103 47±2.2× 103 
Mw/Mn - 1.4±0.05 1.3±0.06 
Hy, nm 21.93±0.9 32.4±1.2 27.1±1.34 
Rg, nm   44.3±3.2 60.0±1.8 51.6±4.1 
Rg/Hy 2.02±0.10 1.85±0.21 1.90±0.14 
 
It was reported that the hydrodynamic radius, Hy, of lignin is correlated with its molecular 
shape.56,57 The grafted METAC or MAPTAC monomers onto the lignin backbone changed the 
compact shape and conformation of lignin molecules owing to the dissociation of its ionizable 
ammonium group, thus increasing the molecular weight of lignin macromolecules.7 
Increasing the radius of gyration (Rg) of HL from 44 nm to 60 and 51 nm for HL-METAC and 
HL-MAPTAC, respectively, also confirms the conformational changes of HL structure after the 
polymerization reactions. As Rg is sensitive to the geometry and structure of the molecules,58 the 





monomers. In this case, the larger Rg of HL-METAC can be correlated to its greater diploe 
moment. This observation was similar to the previous results reported by Petridis and Smith, in 
which the Rg of simulated non-polar lignin was lower than that of polar lignin.59 To have a greater 
insight into the configuration of CHLs in an aqueous solution, the shape factor (Rg/Hy) of the CHLs 
was determined, which describes the morphology of lignin polymers in aqueous solutions.60,61 This 
ratio reflects the polymer chain architecture and spatial density distribution of colloidal particles.62 
In general, for a uniform hard-sphere, the value of Rg/Hy is approximately 0.774, for a 
hyperbranched polymer cluster or a soft sphere, this value is 1.0-1.3, and for flexible random coil 
chains, the value is 1.5-1.8.63-65 The shape factor value >2 corresponds to a rigid-rod structure.63-65 
As seen in Table 5.1, HL displayed a rigid-rod shape structure with Rg/Hy of 2.02. However, after 
the polymerization reaction, the morphology of HL-METAC and HL-MAPTAC slightly 
transformed from a rod-like to flexible random coil chains. The less coiled structure of HL-
MAPTAC can be attributed to the existence of less polar atom (i.e., nitrogen) attached to the carbon 
in the MAPTAC structure. Hence, HL-METAC with higher polarity created larger Hy and Rg 
resulting in the bulkier and a more three-dimensional HL-METAC compared to HL-MAPTAC.  
Size effect 
To probe the molecular architecture of CHLs in salt and urea solutions, the hydrodynamic radius, 
radius of gyration, and shape factor (Rg/Hy) of the polymers were analyzed in these solutions, and 
the results of this analysis are tabulated in Table 5.1. As discussed in the previous section, CHLs 
created larger Rg and Hy than did HL indicating that HL possessed a more extended structure after 
polymerization. In a salt-containing solution, the Rg and Hy of CHLs were reduced significantly, 





ammonium group of CHLs by salt.66-68 Results also showed that HL-METAC was more sensitive 
to the salinity (i.e., its structure was affected more significantly) as it was more polar. The results 
also revealed that Rg/Hy of CHLs dropped in salt-containing solutions. Such a decrease indicates 
the tendency of the polymer to form more compact conformations.63 Also, HL-METAC had a 
smaller shape factor than did HL-MAPTAC indicating that its mass distribution was centered 
towards the core of the lignin macromolecule creating smaller less-branched polymer clusters in 
the presence of salt.65.69 
In the urea solution, HL/CHLs demonstrated swollen configurations (Table 5.1). It was previously 
observed that the addition of urea to aqueous solutions dropped the number of intramolecular 
hydrogen bonds of  Protein L (obtained from Peptostreptococcus magnus) and hence it enlarged 
its Rg and Hy.70 This effect probably induced a loose structure of CHLs with larger diameters. It 
was also seen that the more polar polymer (HL-METAC) created larger Rg with more three-
dimensional conformation in the urea containing solution. Urea molecules have one carbonyl and 
two amino groups71 and CHLs have plenty of hydroxy groups on their structures (Table 5.1). Thus, 
urea can be adsorbed by lignin macromolecules through hydrogen bonding leading to enhancement 
of CHLs’ chain flexibility. Since the oxygen atom in the METAC monomer structure can develop 
stronger hydrogen bonding compared to the nitrogen atom in MAPTAC monomer, the addition of 
urea has a more significant effect on HL-METAC conformation.72 As a result, the hydrodynamic 
radius and radius of gyration of HL-METAC increased to a greater extent (i.e., more three-





The results indicated that lignin polymers underwent a morphological evolution with flexible 
chains (Rg/Hy ∼1.5-1.8) and a more three-dimensional conformation in the urea containing 
solution. 
Table 5. 2 Configurational changes of lignin polymers in presence of salt and urea (10mM). 









Hy, nm 16.7±1.1 17.6±0.85 18.24±0.91  27.32±1.12 66.3±1.3 42.5±1.2 
Rg, nm 23.5±2.4 16.3±1.6 20.6±0.47  50±2.5 119±3.8 75±1.2 
Rg/Hy 1.40±0.05 0.93±0.02 1.13±0.055  1.83±0.04 1.79±0.031 1.76±0.026 
 
5.4.4 Adsorption analysis 
 
The adsorption isotherm of CHLs on kaolin particles was studied, and the results are shown in 
Figure A18. Since the adsorbed amount of HL on the surface of kaolin particles was insignificant, 
it illustrated that HL molecules minimally adsorbed on the surface of particles through 
hydrophobic interaction, van der Waals or hydrogen bonding. The CHL polymers had a similar 
adsorption efficiency on the particles in the dosage range of 1- 32 mg/g, and almost all of the 
polymers adsorbed on the kaolin particles. The maximum adsorption of CHL was 66 and 41 mg/g 
for HL-METAC and HL-MAPTAC at the dosage of 80 mg/g, respectively. As stated earlier, the 





results confirmed that the higher polarity and more three-dimensional structure of HL-METAC 
contributed to its higher adsorption than HL-MAPTAC on the surface of the particles.    
Salt-induced adsorption 
In order to compare the impact of polarity and structure of CHLs on their adsorption performance 
on kaolin particles, their maximum adsorption efficiency at different salt concentrations was 
analyzed. Figure 5.1 shows the effect of CHL adsorption as a function of KCl concentration. The 
maximum adsorption amount of HL-METAC and HL-MAPTAC was 66 and 41 mg/g, 
respectively, at 80 mg/g of CHL/kaolin in a salt-free system (Figure A18). Therefore, those two 
points were considered as the complete adsorption of CHLs on kaolin particles in Figure 5.1. As 
seen, the addition of KCl declined the adsorption of CHLs. Generally, salts screen the charges of 
polyelectrolytes, reduce the interaction of cationic charges of CHL and negatively charge of kaolin 
particles, and compress the diffuse double layer thickness of CHL hampering the adsorption of 
CHLs.73 Considering the additional amount of CHLs and their charge densities, the number of 
charges required for screening the charges of CHLs was theoretically calculated. Results showed 
that, at 33.8 and 35.4 mM KCl concentrations, the cationic charges of polymers were totally 
screened. However, the experimental results revealed that CHLs were adsorbed even at a higher 
than theoretical charge neutralization concentration of KCl (i.e., higher than 33-35 mM KCl 
concentration). At the highest ionic strength (100 mM), the adsorption efficiency of HL-METAC 
and HL-MAPTAC were reduced by 88 and 84%, respectively.  
These findings showed that the electrostatic charge interaction was not the only driving force 
involved in the adsorption of CHLs; and hydrogen bonding, hydrophobic/hydrophobic and van der 





Another conjecture on the reduced adsorption at higher ionic strength can be the conformational 
change of adsorbed CHL on the particles (Table 5.1). Salt may shield the repulsion forces between 
the charged group of CHL chains and make CHL coil up into a tighter, less extended configuration 
as Hy and Rg of CHLs decreased in the salt-containing system (Table 5.1). In other words, salt 
would change the loose structure of CHLs to be more compact. Therefore, the bridging capability 
of lignin macromolecules with clay particles decreased, and its respective adsorbed amount was 
reduced.  
According to Figure 5.1, the adsorption capacity of HL-METAC polymer decreased to a larger 
extent than that of HL-MAPTAC. In this case, as both polymers have a similar charge density, the 
adsorption efficiency of the more polar polymer (HL-METAC) was affected more significantly in 
the presence of salt. 
 
 
Figure 5. 1 Adsorption of CHLs on kaolin particles in the presence of salt. (100% adsorbed amount was 
considered with respect to the highest adsorbed amount of CHLs on kaolin; 66 and 41 mg/g for HL-


























In the absence of urea, CHL polymers can interact with the octahedral sheets of kaolin particles, 
which contains hydroxy groups on the interlayer surface of kaolin particles through hydrogen 
bonding.74 The adsorption amount of CHLs on the particles was also studied in the presence of 
urea in Figure 5.2. As seen, the small amount of urea (0.01 mM) decreased the adsorption of CHLs 
on kaolin particles significantly. At a higher concentration of urea, the adsorbed amount of CHLs 
increased slightly. In this case, urea denatures CHLs and exposes their hydrophobic groups, which 
favors their adsorption onto the hydrophobic surface of the particles. As HL-MAPTAC was less 
polar than HL-METAC, it adsorbed more favorably on the particles through hydrophobic 
interaction in the urea containing system. The addition of urea increased the solubility of 
hydrophobic (i.e., less polar) molecules in water.75 Hence, it created a more random coil structure 
in the urea solution (Rg/Hy = 1.76). As a result, the adsorption affinity of HL-MAPTAC dropped 
to a less extent. The adsorption of CHLs/kaolin in the urea environment (Figure 5.2) depicted that 
the hydrogen bonding and hydrophobic interactions were responsible for approximately 63% of 
HL-METAC adsorption and 23% of HL-MAPTAC adsorption on the particles even at very low 
urea concertation (0.01 mM). To examine whether charges of CHLs play any role in the urea-
induced adsorption, the effect of urea addition on the electrophoretic mobility of CHLs was also 
investigated and results presented in Figure A19. As seen, altering the urea concentration in the 
range of 0-10 mM slightly increased the mobility of the particles due to the slight change in the 
electrical double layer thickness around the particles. However, the high dosage of urea (more than 
10 mM) slightly decreased the mobility of particles (Figure A19). The reason for this phenomenon 
could be the conversion of urea to NH3 and CO2 at a high concentration generating ammonium 





The slight increase in the adsorbed amount of CHLs above 1 mM urea concentration may be due 
to the pH increment of the suspension. Overall, the results revealed that, in the urea-induced 
adsorption system, charges of CHLs played a minor role in the adsorption of CHLs on the particles 
in the presence of urea. 
 
Figure 5. 2 Adsorption of CHLs on kaolin particles in the presence of urea. (100% adsorbed amount was 
considered with respect to the highest adsorbed amount of CHLs on kaolin; 66 and 41 mg/g dosages for 
HL-METAC and HL-MAPTAC). 
 
5.4.5 Flocculation analysis 
 
Stability ratio 
Figure 5.3 shows the stability ratio (log W) of the kaolin system in the presence of CHLs. It was 
reported that the largest flocs corresponded to the fastest kinetics of flocculation.77 In the present 
work, the system stability (log W) was analyzed based on the maximum growth rate of the Vrms/Vdc 
ratio (R) because it is a clear indication of the particle aggregation at a given time.78 In the absence 

























originated from their negatively charged double layers with the electrophoretic mobility of around 
-3.4 (µcm/Vs) at pH 6. The fastest kaolin aggregation rate, Kfast, at the dosage of 1.2 mg/g of HL-
METAC/kaolin was considered as a reference aggregation rate, with respect to which the initial 
aggregation rate, Ki, of kaolin particles was determined. As seen in Figure 5.3, the maximum 
aggregation rate was obtained for HL-METAC at 1.2 mg/g dosage (W=1). However, the apparent 
stability ratio of HL-MAPTAC reached 0.038 at 1.2 mg/g dosage. The extra amount of CHL (i.e., 
dosages higher than 1.2 mg/g) made the system stable (log W → ∞). The decrease in the stability 
ratio of kaolin suspension by adding different dosages of CHLs reflects the flocculation of particles 
and thus their removal from the suspension most likely via charge neutralization and bridging 
mechanisms.78 However, the slight increase in the log W at a higher polymer dosage was probably 
corresponded to the electrostatic repulsion forces between the generated flocs.78 This fact shows 
the importance of the polymer dosage in the flocculation process. At a similar charge density and 
molecular weight, the better performance of HL-METAC was attributed to its higher polarity (25.9 
D) and more three-dimensional structure (Rg/Rh ~ 1.85), which facilitated its more efficient 
bridging performance. As the minimum log W and maximum flocculation efficiency (α = 1/W in 
Table A4) of kaolin/CHL system was achieved at 1.2 mg/g CHL/kaolin, the aforementioned 
dosage was selected as an optimum flocculant dosage for further analysis in this study. It is 
noteworthy that the relative turbidity results were in harmony with the stability ratio data, and the 
lowest relative turbidity of the kaolin suspension was achieved when 1.2 mg/g CHL adsorbed on 







Figure 5. 3 Stability ratio (log W) as a function of CHL dosage. 
The addition of CHLs also changed the electrophoretic mobility of the kaolin suspension as 
presented in Figure A21. The mobility of kaolin suspension increased from negative to positive in 
the presence of different concentrations of CHLs. Furthermore, the particles attained similar 
electrophoretic mobility in the presence of CHLs, which is due to their similar charge densities 
(Table 5.1). However, the particles reached neutral charges when the dosage of HL-MAPTAC and 
HL-METAC were 16 and 22 mg/g, respectively. Since the aforementioned dosages were far over 
the optimum dosage for the lowest W (1.2 mg/g), the predominant flocculation mechanism cannot 
be the charge neutralization mechanism, and bridging or patching would have contributed to a 
larger extent in the flocculation process. 79 Focused beam reflectance measurements (FBRM) 
instrument was also used for monitoring the real-time changes of flocs size (i.e., chord length of 
particles) and floc formation during the flocculation process.80 The mean chord length (MCL) of 
flocs is plotted in Figure A22 as a function of time. After 100 s of stabilizing the system (at 250 



















9.17 μm for HL-METAC and HL-MAPTAC, respectively. The maximum MCL value of 
CHL/kaolin was attributed to the minimum stability (log W) of the system. As discussed earlier, 
HL-METAC was more polar than HL-MAPTAC, which improved its charge interaction with the 
kaolin particles. In the flocculation process, HL-METAC with higher polarity than HL- MAPTAC 
can interact more effectively with kaolin particles and entrap clay particles more dramatically. 
Previously, the flocculation behavior of various asphaltene samples having different polarities that 
stemmed from their structural and compositional characteristics was compared, and results 
demonstrated that the higher polar samples decreased the stability of the asphaltenes more 
greatly.81 
Salt induced flocculation 
The fast flocculation started when 0.01M KCl was added to the system (Figure A23). The different 
dosages of KCl were added (0.01-1000 mM) to the system, which indicated that the critical 
coagulation concentration (CCC) of kaolin particles (i.e., the minimum concentration of salt 
leading to rapid coagulation) 78,82was less than 0.01M KCl. Since FBRM measures the distribution 
of hundreds of thousands of particles per second very accurately,83 the device was selected to 
evaluate the flocculation behavior of CHL/kaolin system in the presence of salt and urea. Figure 
A24 indicates the changes in MCL and non-weighted counts of particles as a function of time when 
different amounts of KCl were added to the CHL/kaolin suspension. It is noted that the MCL of 
both CHLs were raised with an increase in the salt concentration, while the number of counts 
dropped. However, at high salinity (i.e., 10 and 100 mM), the flocculation efficiency of CHLs was 
reduced significantly (especially in case of HL-METAC), as it is observable from lower MCL and 





corresponded to the reduction in the Rg and Hy of CHLs (Table 5.1) confirming the direct 
correlation of CHL size and floc size. 
Figure 5.4 presents the correlation between MCL and adsorbed mass of CHL on particles at 
different dosages of KCl. As discussed earlier, the addition of salt diminished the adsorption of 
CHLs on kaolin. However, it was seen in Figure 5.4 that there was no monotonic correlation 
between the adsorbed amount of CHLs and particle size of flocs in the presence of salt. At the 
maximum adsorption of CHLs, MCL was 10.97 and 9.17 µm for HL-METAC/particles and HL-
MAPTAC/particles, respectively. However, the highest MCL was obtained when only 40% of HL-
METAC and 60% of HL-MAPTAC were adsorbed on the particles (MCL reached 16.7 and 11.4 
µm, respectively). According to Figure 5.4, at a lower amount of CHL adsorption in the saline 
system (except for the lowest level of adsorption at the highest ionic strength), the flocculation of 
CHL/particles occurred more efficiently than that in the absence of salt. The electrophoretic 
mobility of adsorbed CHLs on the particles could also be enhanced by increasing the salt 
concentration (Figure A25). This enhanced electrophoretic mobility could allow the adsorbed CHL 
to possess more flocculation efficiency even if the total charge of adsorbed CHL suppressed with 
increasing the salt concentration.78 It was discussed previously that increasing the ionic strength 
could decrease the bridging affinity of CHLs (as seen as the reduction in the adsorbed amount of 
CHLs on clay particles). However, salt probably reduced the double layer thickness around the 
particles, which decreased the bridging distance a polymer must span to induce flocculation. 
Therefore, the effect of ionic strength on the colloidal flocculation is not straightforward and the 







Figure 5. 4 The relationship between chord length and adsorbed mass 
 
According to the results shown in Figure A24, the sensitivity of HL-METAC to ionic strength to 
form the largest MCL (at 1 mM salt concentration compared to the salt-free system) was about 1.2 
times as much as that of HL-MAPTAC. The reasons for this phenomenon were 1) more 
compression of the electric double layer of the HL-METAC (Figure A25),84 and 2) a more three-
dimensional structure of HL-METAC (Figure A14). Moreover, as the hydrophobic interaction of 
CHLs was improved in saline systems, the interaction and flocculation efficiency of the more 
hydrophobic (i.e., less polar) polymer, HL-MAPTAC, was improved more greatly than that of the 
other polymer, HL-METAC. 
Urea induced flocculation 
The MCL and non-weighted counts of particles are shown as a function of time for different dosages of 
urea in the CHL/particle systems in Figure 5.5. Generally, the HL-METAC contained fewer particles with 































increased, and the number of counts dropped. Since CHLs possessed more three-dimensional configuration 
in the urea solution, they were very efficient in entrapping kaolin particles, even though the adsorption of 
CHLs on the particle surface decreased with increasing the urea concentration (as a result of hydrogen 















































Figure 5. 5 Influence of urea concentration (0-1000 mM) on the mean chord length and number of counts 
of the a,b) HL-METAC, and c,d) HL-MAPTAC samples as a function of time (pH 6, 25 ◦C and 25 g/L of 
kaolin concentration). 
However, the larger Rg and Hy of HL-METAC (Table 5.1) led to a larger bridging efficiency and 
thus more efficient flocculation in the urea system. However, the higher dosages of urea (10-1000 











































work, the effect of urea on the flocculation of a bio-flocculant, CBF-256 (microbial flocculants), 
was investigated and a similar trend was reported to affect the flocculation of printing and dyeing 
wastewater in the presence of urea.85 As stated earlier, at a higher concentration, the generation of 
ammonium ions increased the pH of the suspension and hampered the flocculation. 
5.5 Conclusions 
 
Cationic hydrolysis lignin (CHL) polymers were successfully produced via free radical 
polymerization. The dipole moment of CHLs were 25.9 and 16.7 D for HL-METAC and HL-
MAPTAC, respectively, indicating the higher polarity of the former CHL. The charge density, 
molecular weight, and grafting ratio of CHLs were controlled to be similar after the 
polymerization. The higher Rg and Hy of HL-METAC showed the more three-dimensional 
configuration of this polymer than that of HL-MAPTAC. The Rg/Hy results also revealed that the 
structure of HL was changed from a rigid rod to a more flexible random coil chain for CHLs. In 
the absence of salt and urea, HL-METAC adsorbed more than HL-MAPTAC on the surface of 
kaolin particles. Compared with the findings in the literature,[7,9,10,24] our work proved that the 
higher polarity and configuration of polymers impacted the better flocculation efficiency in 
aqueous solution.  The state of the kaolin system, characterized by stability ratio (W), confirmed 
the better flocculation performance of HL-METAC, which is ascribed to its higher polarity and 
more three-dimensional structure. Moreover, our results provided the experimental observation for 
polarity differences of macromolecules rather than an only molecular simulation of dipole 
moment.[30,33] The addition of KCl to the system provided evidence for the stronger charge 
interaction of HL-METAC than HL-MAPTAC for its adsorption on the kaolin particles. The more 





efficiency of CHLs for kaolin particles. The non-monotonic correlation was observed for adsorbed 
mass and flocculation performance of CHLs in the salt-containing system. In the presence of urea, 
the hydrophobic interaction of CHLs and the particles were highlighted, and HL-MAPTAC had a 
higher adsorption efficiency than HL-MAPTAC even though the adsorption of CHLs generally 
dropped in the presence of urea. The larger Rg and Hy of HL-METAC in the urea containing system 
led to its better flocculation than HL-MAPTAC. The results shed light on the impact of the 
structure of lignin-based polymers on the adsorption and flocculation efficiency of the clay 
suspension systems. The results presented in this study are limited to adsorption and flocculation 
properties of lignin macromolecules with different polarities. 
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The functionalization of lignin derivatives for ion removals is a promising method to expedite their 
use in treating industrial wastewater. In this work, kraft lignin (KL) was polymerized with [2-
(methacryloyloxy)ethyl]trimethylammonium methyl sulfate (METAM) or acrylic acid (AA) in an 
acidic aqueous suspension system to produce cationic and anionic water-soluble lignin polymers 
with high molecular weights. Then, the interaction of soluble ions and KL-METAM and KL-AA 
was investigated using a Quartz crystal microbalance (QCM) and a vertical scan analyzer (VSA). 
The QCM, X-ray photoelectron spectroscopy (XPS) and contact angle measurement results 
showed that the adsorption and flocculation efficiencies of KL-AA were better than KL-METAM 
for ions due to the stronger electrostatic interaction, cationic π-interaction, and chelation between 
ions and KL-AA. Based on adsorption, sedimentation, and floc size analyses, the dual polymer 
systems of KL-AA/KL-METAM was more effective than KL-METAM/KL-AA in removing ions 
since KL-AA addition. Among Zn2+, Cu2+, and K+; Zn2+ interacted more effectively with polymers 
in all scenarios because it has higher reactivity for interacting with other elements. As the 
efficiency of ion removals was more remarkable than past reported findings, the system of KL-
AA/KL-METAM may be a promising alternative for the removal of dissolved ions from solutions.  








Industrial and municipal wastewater effluents contain numerous pollutants such as toxic metals, 
micro and macroparticles, bacteria, toxic dyes, and organic materials.1 Among potential pollutants, 
copper (Cu) and zinc (Zn) metals are the most toxic elements.2,3 The trace amount of such elements 
causes chronic health disorders, phytotoxicity, and bioaccumulation in the human body.3,4 
Currently, it is of the utmost importance to minimize the concentration of heavy metals dissolved 
in water resources.5 Recently, extensive efforts were made in developing efficient and cost-
effective water treatment systems. Adsorption and flocculation have gained considerable attention 
for the removal of heavy metals from various wastewater resources, owing to their excellent 
performance and simple operation procedures.6,7 For instance, ionic polyacrylamides exhibited 
excellent removal efficiency for chromium (III) oxide suspension.8 Amidoxime (AO) modified 
poly(acrylonitrile-co-acrylic acid) (poly(AN-co-AA)) was found to be highly efficient 
for Cd2+ and Pb2+ removals.9 However, the synthetic polymers may pose several environmental 
concerns owing to their toxicity and non-biodegradability.2 
On the other hand, there has been an increasing demand for the implementation of natural 
polymeric flocculants in wastewater treatment processes due to their numerous offered advantages, 
such as biodegradability, low price, and high efficiency. Among natural polymers, lignin is the 
second most abundant aromatic polymer after cellulose, offering a complex three-dimensional 
amorphous structure. Despite its complicated molecular structure, its inherent properties with 
various functional groups, e.g., methoxy, carboxylate, and hydroxy groups, promote its chemical 





In this work, we studied the adsorption of ions (i.e., KCl, CuCl2, and ZnCl2) on cationic and anionic 
lignin derivatives fundamentally with the aid of a Quartz crystal microbalance with dissipation 
(QCM-D). These salts constitute the main sources of contamination in municipal and industrial 
wastewater effluents.12,13 In the past, QCM-D was utilized for investigating the deposition 
behavior of various substances, such as soluble pollutants (e.g., sodium alginate and bovine serum 
albumin),14,15 dissolved organic matters (e.g., humic acid and fulvic acid),16 or ions of Na+ and 
Ca2+ on the bare crystal surfaces of polyvinylidene fluoride (PVDF), 13 SiO2, polystyrene and 
polyamide.13,16 However, it was not utilized for studying the deposition of ions on lignin 
derivatives.  
Generally, the complex properties of municipal wastewater (e.g., heavy metal, salts, volatile 
suspended solid) complicate the flocculation processes. The previous studies proved that lignin 
polymers could improve the settling performance of suspended particles in wastewater treatment 
systems.17,18 In order to achieve even greater separation efficiency of suspended particles and to 
further enhance the flocculation performance of lignin macromolecule, multicomponent 
flocculation procedures have been suggested.19-21 Previously, lignin-based flocculant (LNF) was 
synthesized by grafting amine groups (epichlorohydrin, N, N-dimethylformamide, and 
ethylenediamine) onto alkali lignin, and the product was used with aluminum sulfate (AS) and 
polyaluminum chloride (PAC) to treat humic acid solution.22 However, to the best of our 
knowledge, a dual polymeric system containing lignin-based macromolecules for heavy metal 
removals have not been studied.  
In the present work, [2-(methacryloyloxy)ethyl]trimethylammonium methyl sulfate (METAM) 





lignin polymers.10,23 Here, we aim to apply the anionic/cationic lignin polymers to treat synthetic 
wastewater models containing ionic compositions (i.e., ZnCl2, CuCl2, and KCl) in singular and 
dual polymer systems. Since in many practical wastewater treatment systems, more than one 
element is present, the adsorption and destabilization performance of lignin-based polymers was 
also conducted in a mixture of selected elements (ZnCl2, CuCl2, KCl). However, as the dual 
polymer systems used for ions removals were the combination of synthetic materials and lignin,19-
22 little attention has been devoted to exploring the use of combined anionic and cationic lignin in 
a dual polymer system, as a green and effective flocculation system, for ion removals. Therefore, 
the primary novelties of the present work are 1) the systematic investigation of ion removals by 
functionalized lignin-based polymers in different polymer/ion systems (singular, dual, and multi-
component), and 2) the exploration of underlying ion removal mechanisms. 




Softwood kraft lignin (KL) was received from FPInnovations’ pilot plant facilities, which produces 
lignin via LignoForce technology and is located in Thunder Bay, ON, Canada. Copper (II) 
chloride, zinc chloride, poly diallyl dimethyl-ammonium chloride (PDADMAC, 100,000−200,000 
g/mol, 20 wt % in water), sodium persulfate (Na2S2O8) and potassium persulfate (K2S2O8) 
(analytical grade), sulfuric acid, sodium hydroxide (97%, reagent grade), sodium nitrate (NaNO3, 
99%), potassium hydroxide (8 M), hydrochloric acid (37%, reagent grade), acrylic acid (AA) and 
para-hydroxybenzoic acid were obtained from Sigma-Aldrich Company and used as received. 





by Wako Pure Chemical Co., Japan. Dialysis membrane with 1000 g/mol cut-off was received 
from Spectrum Laboratories and used for product purification. Acetic acid, potassium chloride 
(KCl), and ethanol (95 vol %) were purchased from Fisher Scientific Co. Also, BOC Sciences 
company, USA, supplied [2-(Methacryloyloxy)ethyl]- trimethylammonium methyl sulfate 
(METAM). Mili-Q water (resistivity ≥18 MΩ cm) was used throughout the experiments. 
Piezoelectric Quartz crystal sensors (5 MHz resonant frequency) were obtained from Biolin 
Scientific Inc. 
6.3.2 Characterization of lignin polymers 
 
In this study, kraft lignin was polymerized with [2-(Methacryloyloxy)ethyl] trimethylammonium 
methyl sulfate (METAM) or acrylic acid (AA) in an acidic environment, and the details of the 
reaction mechanism are available in the supporting information. The molecular weight, phenolic 
hydroxyl and carboxylate groups, elemental analysis, and charge density of KL, KL-METAM, and 
KL-AA were determined by the methods described in the literature24-26 and the details of this 
analysis were explained in the supporting information. 
The hydrodynamic radius (Rh) of lignin samples was measured using a dynamic light scattering 
(DLS), BI-200SM Brookhaven Instruments, USA. About 20 mg of dried lignin polymers was 
firstly dissolved in a 1mM KCl solution (20 mL). The prepared samples were then filtered by a 
0.45 μm syringe filter. The experiment was conducted under isothermal conditions (25 °C), while 
the scattering angle and the laser wavelength were set at 90° and 637 nm, respectively.27  






KL-METAM and KL-AA were coated on the clean dried gold sensors of the QCM instrument 
using a spin coater (WS-400B-NPP) spin-processor (Laurell Technologies Corp). First, lignin 
polymers were dissolved in ammonium hydroxide (1 wt% concentration) at 300 rpm overnight at 
room temperature. Then, the solutions were spin-coated on the gold sensors at 500 rpm for 10 
seconds, 1000 rpm for 20 seconds, and 2000 rpm for 30 seconds under a nitrogen environment.28 
The coated samples were dried and kept covered prior to adsorption analysis. 
6.3.4 Synthetic ion solutions 
 
In this set of experiments, KCl, CuCl2, and ZnCl2 solutions were mixed with deionized water at 
different concentrations of 1,10 and 100 mM to prepare ionic model solutions. These model 
wastewater samples were synthesized according to the compositions of municipal and industrial 
wastewater effluents.13-16,29,30 
6.3.5 Adsorption studies 
 
The adsorption mechanisms of the components of synthetic model effluent on the lignin coated 
surface and the properties of the adsorbed layer were assessed by a Quartz crystal microbalance 
with dissipation (QCM-D 401, E1, Q-Sense Inc. Gothenborg, Sweden). The principle of this 
instrument was discussed elsewhere31 and briefly described in the supporting information.   
In the singular component adsorption system, the adsorption test was monitored by introducing a 
buffer solution (i.e., Mili-Q water) to lignin coated surfaces (i.e., KL-METAM and KL-AA) at a 
controlled temperature of 22±0.1 ̊ C to establish an equilibrated baseline. After reaching a constant 
baseline, the buffer solution was changed to different ionic compositions namely copper (II) 





buffer solution was applied after the adsorption experiment for another 2 min to wash any loosely 
adsorbed ionic composition from the substrate. After completion, the sensors used in the 
adsorption experiment of 10 mM effluent concentration were collected and dried with nitrogen gas 
for the XPS analysis (Section 2.8).  
In the dual-component adsorption system, a cationic coated sensor (KL-METAM) was first 
exposed to the buffer solution and then to the one type of ionic model effluent (i.e., ZnCl2, CuCl2, 
or KCl) at 10 mM concentration containing anionic lignin (KL-AA) with 10 g/L concentration. 
The opposite scenario was also tested on the KL-AA coated sensors for adsorbing the ionic 
solution containing the same concentration of salts and KL-METAM at 10 g/L concentration. 
In another set of experiments, the adsorption analysis of the model solution containing all ionic 
salts (i.e., ZnCl2, CuCl2, and KCl) at 10 mM each and KL-AA (10 g/L) was carried out on the KL-
METAM coated sensor. Similarly, the adsorption of the model solution containing the same 
concentration of salts and KL-MTAM (10 g/L) was studied on the KL-AA coated sensor. The 
shifts in frequency and dissipation of the sensors were recorded, and the surface was buffer rinsed 
after adsorption. A flow rate of 0.15 mL/min was used throughout all experiments. Normalized 
frequency and dissipation shift at the 5th harmonic (n = 5) are presented throughout this work.  
6.3.6 Contact angle measurement 
 
The contact angle of a droplet of CuCl2, ZnCl2, and KCl solution (10 mM) on lignin coated slides 
(KL-METAM and KL-AA) was determined using a Theta Lite Optical tensiometer, TL100 (Biolin 
Scientific, USA) equipped with USB2 digital camera and Attension software. In this set of 
analyses, 1 mL of KL-MEAM or KL-AA samples (10 g/L) was coated on glass slides using a spin 





60 s under vacuum (by purging N2 gas). Then, a droplet of ionic solution (5 µm) was placed on 
the coated surface and the contact angle of each droplet was determined following the sessile drop 
method according to Young’s equation,32 and the mean value of measurements on 3 different spots 
on the coated glass slides was reported. In another set of experiment, a droplet of mixed solutions 
containing CuCl2, ZnCl2, KCl (10 mM), and lignin polymer (10 g/L) deposited on the lignin coated 
surface with the oppositely charged density for measuring the contact angle of lignin 
macromolecules in the mixed system.  
6.3.7 Zeta potential analysis 
 
The zeta potential (ζ) of ionic solutions in a single polymer system was characterized by a 
NanoBrook Zeta PALS (Brookhaven Instruments Corp, USA) in the absence and presence of 
lignin polymers. This analysis was performed at a constant electric field (8.4 V/cm) at room 
temperature, and the average value of three repetitions was reported in this study. The sample 
preparation for the zeta potential analysis of the dual polymer system was carried out by adding 
different dosages of KL-METAM and KL-AA polymer to ZnCl2, CuCl2, and KCl solutions with 
30 min time interval between polymer addition. In the same way, for measuring ζ of a mixed 
system, all model effluent solutions (i.e., ZnCl2, CuCl2, and KCl) stirring with KL-AA followed 
by KL-METAM, and then the prepared sample was poured into the instrument cuvette to 
determine its zeta potential. It should be noted that the model solutions had a salt concentration of 
10 mM and lignin polymer concentration of 10 g/L. 
6.3.8 X-ray Photoelectron Spectroscopy 
 
The surface compositions of the crystal sensors before and after conducting the QCM-D analysis 





was used to fix samples to the sample holder of the XPS instrument.33 X-ray photoelectron 
spectroscopy (XPS) analysis was performed with a Kratos Analytical AXIS 165 electron 
spectrometer using a high-resolution monochromatic Al KR (15 keV, 25 mA emission current, 
VSW MX10 700 mm Rowland circle monochromator) as the X-ray source. Data analysis and 
atomic quantification were performed using the ESCApe software from the XPS peak areas of 
high-resolution narrow scans.  
6.3.9 Vertical scan analyzer 
 
The stability of the ionic (i.e., CuCl2, ZnCl2, KCl) solutions at 10 mM concentration in the presence 
of KL-METAM and KL-AA (10 g/L) was analyzed using a vertical scan analyzer, Turbiscan Lab 
Expert, Formulaction, France. In the singular polymer system, the different dosages of lignin 
samples were added to the model solutions while stirring at 300 rpm for 2 min. Afterward, 20 mL 
of prepared samples were poured into a flat-bottomed cylindrical glass cell of the instrument and 
scanned from the bottom to the top at 40 µm height intervals. The analysis was conducted for 30 
min at 30 °C, and the sample scanning was conducted every 25s to report the kinetic stability of 
the suspension.24 To monitor the suspension stability in the dual polymer system, the first ionic 
solution was poured into the glass cell and then the optimum dosage of KL-METAM or KL-AA 
(10 g/L) (obtained from the destabilization index of singular polymer system) was mixed with the 
model solutions. After 30 min scanning, the optimum dosage of the other lignin polymer with the 
opposite charge density was added and mixed in the system, and samples were scanned for another 






Turbiscan stability index (TSI) and the aggregate mean diameter (d) were determined using 
Turbisoft 2.1 software considering the difference in transmittance signals generated by the samples 
with those generated by the standard silicon oil (i.e., calibration chemical).34 The destabilization 
index of the samples was determined following equation 1: 
𝑇𝑆𝐼 =  ∑
∑ |𝑆𝑐𝑎𝑛𝑖(ℎ)− 𝑆𝑐𝑎𝑛𝑖−1(ℎ)|ℎ
𝐻𝑖
       (1) 
where scani (h) and scani−1 (h) are the transmission signals for two consecutive time intervals at a 
given height (h) and H is the entire height of measuring samples. 
The mean aggregate size (d) was also determined following equation 2:8,35 










  (2) 
wherein; V(t) represents the migration velocity of aggregates, ρc, and ρp express the continuous 
phase and particle density, d is the mean diameter of aggregates, v shows the dynamic viscosity of 
continuous phase, g is the gravity field and φ refer to every volume fraction of particles. 
6.4 Results and Discussions 
 
6.4.1 Properties of lignin polymers 
 
The properties of lignin polymers are listed in Table 6.1. KL-METAM had a positive charge 
density of 2.5 meq/g and high molecular weight (690× 10³ g/mol). As the nitrogen element was 
initially absent in KL, the nitrogen content of KL-METAM (3 wt.%) was directly related to the 
grafting of METAM monomer to the lignin backbone; hence the grafting ratio of KL-METAM 





The charge density of KL-AA, on the other hand, was -2.6 meq/g while its molecular weight was 
593× 103 g/mol. As seen, the carboxylate content of unmodified lignin was 0.36 mmol/g (Table 
6.1), and an increase in the carboxylate content of lignin to 4.01 mmol/g is attributed to the grafting 
of acrylic acid on the phenolic OH of lignin. Therefore, the grafting ratio of 61.3 mol % for KL-
AA depicted that the polymerization reaction was performed successfully.  
Based on the phenolic OH of KL and those of KL-METAM or KL-AA, the degree of substitution 
(DS) of 65 and 79 mol/mol was obtained for KL-METAM and KL-AA, respectively, 
demonstrating the successful attachment of METAM or AA monomer to lignin core via 
polymerization reaction. It is well-known that steric effects play a vital role in monomer reactivity 
in the free radical polymerization. In other words, by increasing the length of the alkyl chain or 
carbon content of monomers, the steric effect would increase, which would reduce the reactivity 
of the monomer.36 Thus, AA monomer with a lower molecular weight (72 g/mol) and carbon 
content may be more reactive than METAM monomer (Mw of 283 g/mol), thus decreasing the 
phenolic OH of KL more greatly and mimicking a higher DS.   
The larger polydispersity index (PDI) of KL-METAM and KL-AA than KL reveal that the 
polymerization increased the PDI of the polymer, which is a characteristic of free radical 
polymerization.37,10 Moreover, the hydrodynamic diameter of both cationic and anionic lignin 
polymers (34.3 nm for KL-METAM and 28 nm for KL-AA) was larger than that of KL (14.3 nm). 
It was reported that the hydrodynamic diameter of the kraft lignin is related to its molecular 
shape.38 Accordingly, the higher hydrodynamic diameter of the lignin polymer is attributed to its 
looser molecular shape. Also, the larger Rh value of K-METAM is ascribed to its more three-





lignin backbone not only increased the molecular weight but also altered the compact shape and 
structure of lignin macromolecules owing to dissociation of its ionizable ammonium or carboxylic 
groups.39 
Table 6. 1 Properties of KL, KL-METAM, and KL-AA 
Sample KL KL- METAM KL-AA 
Charge density, meq/g -0.4±0.11 +2.5±0.1 -2.6±0.2 
Nitrogen, wt.% - 3.01±0.1 - 
Carbon, wt.% 62.6±1.8 48.9±2.1 54.4±1.2 
Hydrogen, wt.% 5.69±1.2 8.47±1.3 5.36±0.06  
Oxygen, wt.% 27.04±1.3 39.16±1.6 38.9±0.45 
Phenolic hydroxyl group, 
mmol/g 
1.63±0.1 0.57±0.08 0.34±0.04 
Carboxylate content, 
mmol/g 
0.36±0.08 0.30±0.05 4.01±0.1 
Grafting ratio, mol % - 58.1±0.7 61.3±0.2 
Degree of substitution, 
mol/mol  
- 65±0.4 79±0.3 
Mw, g/mol 49±6.4× 103 690±107.5× 103 593±55× 103 
Mn, g/mol 28±6.02× 103 242±51.6 × 103 180±16.8× 103 
Mw/Mn 1.7±0.15 2.6±0.091 3.2±0.1 






6.4.2 Adsorption analysis of single KL-METAM or KL-AA  
 
To understand the adsorption performance of ions on KL-METAM and KL-AA surfaces, we first 
investigated the responsive behavior of the singular ion/lignin system using QCM-D. Figure A26 
shows the shift in frequency (Δf translated to mass changes) for the surfaces of coated lignin 
derivatives as a function of ionic strength concentration (I) for different ionic composition 
solutions. For all the cations, Δf decreased with ionic strength in the range of 1.0 ≤I ≤100 mM on 
both surfaces of KL-METAM in Figure A26a and KL-AA in Figure A26c. As the concentration 
increased to 100 mM, the number of available ions in the system interacting with the available 
charges of KL-METAM or KL-AA enhanced, leading to greater frequency changes. In other 
words, upon the continuous deposition of ions on both lignin surfaces, the electrostatic 
inter/intrachain interaction inside the charged lignin chains was weakened and gradually 
dominated by the interaction between the charged groups of ions and lignin to promote the 
adsorption.40 Furthermore, dissipation reflects the structural changes of the polymeric surface upon 
adsorption.39 Similar to frequency variations, the ΔD of both surfaces increased by ionic strength 
revealing enhanced viscoelasticity and coupling of ions and water molecules to the surface at 
higher adsorbed mass (Figure A26b and S1d).  
According to the literature, the concentration of the ionic composition (KCl, CuCl2, and ZnCl2) in 
wastewater was reported to be approximately 10 mM.13 Therefore, the changes in D/F ratio, as 
well as the adsorption kinetics of model solution on the lignin surface, were studied at an ionic 
strength of 10 mM, and results were shown in Figure 6.1. The slope of dissipation over frequency 
depicts how much energy is dissipated for a unit of adsorbed mass (Figures 1a and 1b). 





on the surface of KL-METAM compared to that of KL-AA. These results may reveal a less viscous 
adsorbed layer on the KL-METAM surface. The adsorption of ionic solutions was observed to be 
more on the KL-AA anionic surface.  
The interaction of KL-AA with oppositely charged K+, Cu2+, and Zn2+ was more detectable than 
that of Cl⁻ with KL-METAM. This may ascribe to the low chaotropic nature of Cl⁻,41 which is 
inclined to be less polarizable with less energy of dissolution.42,43 The strength of ion pairing 
between the weakly hydrated quaternary ammonium group of KL-METAM44 and monovalent Cl- 
ion (as the common anions in KCl, CuCl2, and ZnCl2) was lower than that of the carboxylate group 
of KL-AA and positive K+, Cu2+, Zn2+.  
Also, the extent of ion-pairing on the KL-AA increased from monovalent K+ to divalent Cu2+ and 
Zn2+. Hence, a stronger interaction between the divalent ions on the KL-AA coated surface caused 
a greater electrostatic interaction, leading to higher frequency changes on the anionic surface 
(Figure 6.1b).  
The deposition kinetics of soluble ions were also shown in Figures 1c and 1d. The large value of 
the dissipation of the sensor after adsorbing ions suggested the viscoelastic properties of the 
adsorbed layer and the Voigt model was valid for modeling adlayer mass variations as a function 
of time. In KL-METAM coated surface, the highest adsorbed mass (300 ng/cm2) was achieved for 
ZnCl2 and the adsorption affinity was faster at the initial stage (first 100 s). However, the 
adsorption of ZnCl2 was gradually increased by prolonging the adsorption time. The maximum 
adsorbed mass of 267 ng/cm2 was obtained for CuCl2 at the time of 350s. Further extending the 
adsorption time (up to 500 s) resulted in the desorption of adlayer due to the weak adsorption 





KL-METAM surface occurred at the first 150 s. However, a slight decrease in the overall adsorbed 
mass was observed by prolonging the adsorption time.   
Similar to the KL-METAM surface, the increasing order of the adsorption rates on the KL-AA 
coated surface followed the sequence of ZnCl2 > CuCl2 > KCl, and the overall adsorbed mass of 
455, 371, and 230 ng/cm2 was achieved, respectively. The higher affinity of ZnCl2 than CuCl2 to 
adsorb on the lignin coated surface can be attributed to the less significant reactivity of copper and 
higher reactivity of zinc for interacting with other elements.43 In other words, the higher tendency 
of copper to delocalize the outer electron (the last suborbital associated with copper is 4S1 and that 
of zinc is 4S2) would induce a stronger metallic bond than zinc. Evidently, breaking the greater 
metallic bond in copper when interacting with other elements requires more energy than that in 
zinc.44 Hence, copper was deposited less when exposed to charged lignin surfaces and a longer 
time was needed for its adsorption.   
It is worth noting that, after saturation of ions-adsorption via KL-AA and KL-METAM polymers, 
the solution could be acidified using 0.1 M H2SO4 to recover the lignin-based polymers from the 
ions solution. Since the main focus of this study was to investigate the maximum removal 
efficiency of metal ions from model waste solution we did not study the isolation of lignin 














































Figure 6. 1 Dissipation change of the sensors as a function of frequency changes in the adsorption of ions 
on a) KL-METAM and b) KL-AA; the adsorbed mass of ions on c) KL-METAM and d) KL-AA as a 
function of time (experiments were conducted with ionic composition at 10 mM) 
6.4.3 Surface wettability of model surfaces 
 
KL-METAM and KL-AA coated surfaces exhibited different hydrophilic natures as presented in 
Table 6.2. A water droplet on the bare glass slide generated the contact angle of 21˚, which was in 






















































AA coated glass slides were 14.4˚ and 15.8˚, respectively. These results suggest that the 
hydrophilicity of the glass surface was enhanced upon the polymer coating, which is attributed to 
the more interactions of water molecules with hydrophilic groups of KL-METAM or KL-AA (i.e., 
-COOH, -OH and NR⁺4, which R can be alkyl or aryl groups)  
Generally, the deposition of ion-containing droplets on the polymer-coated surfaces (i.e., cationic 
or anionic) further improved the hydrophilicity of the surface due to the electrostatic interaction of 
polymer and ionic compositions.13 Also, the association of divalent cations (Cu2+ and Zn2+) and 
monovalent K+ seems to reduce the contact angles on KL-AA and KL-METAM (Table 6.2). This 
behavior can be attributed to shielding some of the electrostatic charges of KL-AA by cations, 
decreasing the polarity and attraction forces of the surface, and thus suppressing the hydrophilicity 
of the surface.46 The higher hydrophilicity of KL-METAM/ions than KL-AA/ions (10.5°, 11.9°, 
and 12.2° in case of ZnCl2, CuCl2, and KCl, respectively) may arise from the higher polarity of 
surface and formation of stronger hydrogen bonding between quaternary ammonium groups (or 
OH) of KL-METAM and water molecules than water and KL-AA.  
Table 6. 2 Contact angles of water and model solutions (10mM) on lignin coated surfaces. 
 
Coated surface 
Contact angle (θ), °  
Water CuCl2 ZnCl2 KCl Mixed model (CuCl2, 
ZnCl2 and KCl) 
KL-METAM 14.4±0.27 11.9±2.0 10.5±1.05 12.2±1.9 10.2° ± 0.2 
KL-AA 15.8±0.9 13.6±1.3 12.7±1.5 12.6±1.03 11.6° ± 0.3 
 






Figure A27 represents the wide XPS spectra of adsorbed ions on KL-METAM or KL-AA surfaces 
obtained from QCM-D analysis as compared with the bare surface of KL-METAM and KL-AA 
coated surfaces. The XPS technique was used to probe the binding energy (BE) of each element, 
which can be considered as a ‘fingerprint’ of each element.47 The results confirmed that Zn2+, Cu2+, 
and K+ were present on the surface of KL-METAM and KL-AA providing evidence for their 
adsorption on the coated surface, which were absent in those of KL-METAM or KL-AA coated 
surfaces. In KL-METAM coated surface, the peak at 934.20, 1021.40 and 284.4 eV corresponded 
to the Cu2p3/2 of the cupric forms,48 Zn2p3/2, and K2p as the results of their chemical bonds (i.e., 
ionic bonds) or electrostatic forces between Cu2+, Zn2+, and K+ and the amino groups of KL-
METAM. According to Table 6.3, Zn2+ was present more (17.69 %) on KL-AA than on KL-
METAM (7.62%) coated surface, which was consistent with the QCM results. As shown in Figure 
A27, the N1s binding energies of the N–C bond in ionic composition/KL-METAM were 399.4 eV 
for Cu or K, and 402.2 eV for Zn, respectively. The reason for the higher binding energy of the Zn 
element could be ascribed to the chelating site formation between Zn2+ and the N atom of the 
amino group,49 which led to the transfer of electrons from the N atom of the amino group (in KL-
METAM) to metal ions.50  
Also, the highest mass concentration of Zn2p3/2 photoelectron (17.69%) indicated the highest 
adsorption of Zn2+ on KL-AA compared to the other elements (13.99% and 8.89%). Moreover, 
comparing the O1s XPS spectra of KL-AA surface before and after ions adsorption, it was observed 
that after the binding of COOˉ with Zn2+, Cu2+ and K+; the binding energy of C=O in the 
carboxylate group would shift from 531.0 to 532.4 eV; but the intensity of the peak dropped. The 





indicating the donation of electrons in the oxygen atom to the shared bond between the oxygen of 
the carboxylate group and Zn2+, Cu2+, and K+ ions.51  
The adsorption of monovalent K+ on both surfaces (KL-AA and KL-METAM) were lower than 
other cations, which was attributed to 1) the weaker charge interaction of K+ with the carboxylate 
group of KL-AA (compared with divalent elements) and 2) the repulsive electrostatic interactions 
of the quaternary ammonium group of KL-METAM and K+.  
As seen in Figure A27, the peaks at binding energies of 197.4-199.6 eV corresponded to Cl2p.52 
Compared to the KL-AA surface, the greater mass concentration of Cl⁻ on the surface of KL-
METAM confirmed the higher adsorption of chloride ion on the quaternary ammonium group of 
KL-METAM surface. Moreover, the peaks of Cl2p shifted to the position of lower binding energy 
when adsorbed on KL-METAM as compared with that of KL-AA, suggesting the higher 
interaction between Cl⁻ and KL-METAM (i.e., electrostatic forces).52  
Table 6. 3 XPS characterization of the lignin films before and after ionic adsorption  
Sample Properties 
 Component Mass concentration, % 






KL-METAM/ions Cu2p3/2 , Cl2p 5.38±0.59, 9.33±0.66 
Zn2p3/2 , Cl2p 7.62±0.68, 23.8±0.48 
K2p , Cl2p 5.33±0.53, 4.09±0.40 






KL-AA/ions Cu2p3/2 , Cl2p 13.99±0.86, 7.81±0.57 
Zn2p3/2 , Cl2p 17.69±0.28, 10.48±0.30 
K2p , Cl2p 8.89±0.53, 3.6±0.41 
 
6.4.5 Mechanism of adsorption of ions on lignin derivatives 
 
The adsorption of ions on the lignin-coated surfaces is mainly controlled by the electrostatic charge 
interactions. Figure 6.2 shows the possible mechanism for ions adsorption on KL-METAM and 
KL-AA. The monovalent Cl- ion of salt solutions can attach to the quaternary ammonium group of 
KL-METAM via electrostatic attraction forces as confirmed by XPS results. As K+, Cu2+, Zn2+, 
and METAM part of KL-METAM would electrostatically repel each other, the amount of 
adsorbed ions on KL-METAM was limited. Instead, the binding of the ions on the KL-METAM 
surface would only be restricted to the deposition of ions on the lignin part of the KL-METAM 
due to its negative dipole moment of lignin.53 The carboxylate and hydroxy groups on lignin 
structure (Table 6.1) can promote the interaction of lignin and Cu2+, Zn2+, which increases the 
stability of the metal-ligand complexes. Moreover, the formation of cation–π interaction between 
low electron density ions and high electron density of the π system in the aromatic structure of 
lignin macromolecules has been suggested to play a role in the adsorption mechanism of cations 
on lignin.54  
However, in the case of KL-AA, the ions can easily adsorb on both lignin and attached acrylic acid 
monomer through charge interaction/ion exchange leading to the higher adsorbed amount of ions 





ions adsorption on the KL-AA polymer can be complexation/chelation with the carboxyl group of 
the AA chain of KL-AA.55 In such a case, a chelate formation can easily occur between divalent 
Cu2+ and Zn2+ ions and the lone pair of electrons present on the carboxylate group of KL-AA,56 
resulting in the adsorption of ions on lignin polymers.55 As seen in Figure 6.2b, the carboxylate 
group on the surface of KL-AA acted as active sites for the adsorption of divalent cations. Then, 
part of cationic ions was captured by two carboxylate groups simultaneously through 
complexation. This phenomenon was previously observed for the adsorption of Cu2+ ion on 
carboxymethylated cellulose nanofibrils.51 The Cl- ion can also entrap within the chains of the KL-
AA macromolecule. 
As seen in Figure 6.2, the magnitude of cation adsorption on KL-METAM and KL-AA was in the 
order of Zn2+ >Cu2+ >K+. However, the higher deposition of ions, and in particular Zn2+, (Figure 
6.1d and Table 6.3) along with more water molecule entrapment (i.e., higher dissipation value in 
Figure A26) created a thicker and more viscoelastic adsorbed layer on KL-AA (Figure 6.2a).  
Also, the higher strength of electrostatic interaction between ions and KL-AA along with π-















Figure 6. 2 Mechanism model of ions adsorption using a) KL-AA and b) KL-METAM coated surface.  
6.4.6 Flocculation analysis 
 
The kinetics of destabilization index of different model effluents upon addition of KL-METAM 
and KL-AA polymer was shown in Figures A28 and A29, respectively. The ionic composition 
solutions and pure KL-METAM or KL-AA polymer solution (10 g/L) were selected as control 
samples. In the absence of lignin polymers, the ionic solutions had approximately zero 
transmission in 30 min of the experiment. However, the destabilization index of the solutions 
containing only lignin macromolecules (i.e., KL-AA or KL-METAM) slightly increased in 30 min 
of analysis. This behavior would imply that the lignin macromolecules self-assembled during the 
test and formed clusters that were relatively stable in the solutions.  
As illustrated in Figures A28 and A29, the different dosages of KL-METAM and KL-AA were 
added to the model samples to investigate their stability as a function of time. As time elapsed, the 
produced complexes and aggregates started to settle and gradually clarified the system (i.e., 
increased the TSI value). Lower transmission represents the existence of a larger number of 
suspended particles, while a higher transmission indicates a larger number of settled particles as a 
result of flocculation.57 The anionic KL-AA promoted significant TSI changes in CuCl2, ZnCl2, 
and KCl systems in the 30 min test (Figure A29). The adsorption of ions on the KL-AA polymer 
following the mechanisms discussed in section 3-5 promoted the generation of large flocs. These 





composition/KL-AA polymer (i.e., 10 g/L) increased the destabilization index of the ionic 
solutions due to the introduction of more negative charges by the KL-AA. Results also depicted 
that the ZnCl2 solution reached the equilibrium level in 500s and no significant changes in the 
clarified zone were observed by prolonging time. However, the maximum transmittance zone was 
obtained in 1000 s for the CuCl2 solution due to less reactivity of Cu than Zn44 as also seen in 
(Figure 6.1d). The continuous increase in the TSI values was observed for KCl treated samples 
throughout the experiment. 
However, this clarification marginally occurred for the systems treated with cationic KL-METAM 
(10g/L). In this case, the smaller slope obtained from the flocculation curves indicated the limited 
affinity of KL-METAM to destabilize the ionic solution compared to that of KL-AA. This effect 
was more highlighted in ionic solutions containing Cu+2 and Zn+2 due to an enhanced mutual 
repulsion between the cations and ammonium group of KL-METAM polymer in the solution, 
which was in harmony with the adsorption results (Figure 6.1). The initial ζ values of CuCl2, ZnCl2, 
and KCl solutions were observed to be 4 mV, 5 mV, and 1 mV, respectively. Upon the addition of 
KL-METAM polymer to the model solutions, the ζ increased (Figure A30) and their TSI reached 
the maximum values of 1.9, 4.9, and 2.6 for CuCl2, ZnCl2, and KCl solutions, respectively. Limited 
TSI value changes pointed to an ineffective interaction among monovalent/divalent ions and KL-
METAM.  
6.4.7 Dual polymer system 
 
Competitive adsorption in a dual polymer system 
To study the effect of a dual adsorption system, the cationic and anionic lignin coated surface was 





the KL-METAM surface was treated with the solution of ions and KL-AA and vice versa. Figure 
6.3 shows the dissipation versus frequency of the films. Compared with the single polymeric 
system (Figure 6.1), the adsorption capacities of all three ionic compositions in the dual system 
were remarkably higher. As illustrated in Figure 6.3, KL-METAM polymer and KL-AA had 
limited interaction and thus adsorption, in which the ΔF values were raised only to -6.7 and -21.3 
Hz for KL-METAM and KL-AA coated surfaces, respectively. However, the adsorption of lignin 
polymers on the oppositely charged lignin surface facilitates the adsorption of ions on the coated 
surfaces (Figure 6.3). This finding is in line with previous reports stating that the adsorption 
capacity for heavy metal ions was improved significantly in a dual system compared with the 
singular system.59-61 
As charged polymers may not stoichiometrically interact with each other, there might be 
unoccupied charges on the surface of KL-METAM or KL-AA, and the available charges will 
contribute to the adsorption of ions, such as K+. Also, KL-METAM and KL-AA would adsorb 
ions, as observed earlier, and thus their combination in the dual polymer system would promote 
the overall adsorption of ions. As seen in Figure 6.3, the adsorption on the KL-AA surface was 
more than the KL-METAM surface. The adsorption exhibited the most rapid deposition of ZnCl2 
followed by CuCl2 solution on KL-AA surface that created a thicker and more viscoelastic adlayer 
compared to that on KL-METAM coated surface (Figure 6.2a). However, the impact of electric 
double layer compression, screening chain substrate interactions, and insufficient adsorption site 







Figure 6. 3 Dual component adsorption of CuCl2, ZnCl2, and KCl on a) KL-METAM surface, b) KL-AA 
surface (10 mM salt concentration, the control solution contained lignin derivative wit the opposite 
charge to the lignin coated surface) 


































A two-step flocculation process in ionic solutions using oppositely charged polymers (KL-
METAM and KL-AA polymers) are presented in Figure 6.4. To ensure the maximum interaction 
between polymers and ions and to minimize the competitive interaction of KL-METAM and KL-
AA in the flocculation process, the polymers were sequentially added to the ion solutions (i.e., first 
KL-METAM, then KL-AA and vice versa in the other scenario). The optimum dosage of cationic 
and anionic polymers was selected based on the results presented in Figures A28 and A29. The 
first scenario was the addition of KL-METAM to the ion solution followed by KL-AA (after 30 
min) (Figure 6.4a). Results showed that the TSI value of ZnCl2 containing solution reached the 
maximum of 51, while the TSI of KCl and CuCl2 solutions were almost identical (20 and 23, 
respectively). The addition of both polymers also resulted in the changes of ζ potential of ZnCl2, 
CuCl2, and KCl solutions from 12, 32, and 13 to 5, 15, and 9, respectively. The results are in line 
with adsorption behavior in the dual polymer system shown in Figure 6.3a.   
Figure 6.4b exhibited the dual system, in which KL-AA was added first to the different salt 
solutions in which the TSI values changed from 0 to 26, 15, and 5.5 for treated ZnCl2, CuCl2, and 
KCl solutions, respectively. The addition of the KL-AA reduced the ζ potential of ZnCl2 and CuCl2 
systems (-15 and -12 mV, respectively). After 30 min, KL-METAM was added to the system. In 
this case, the TSI value of ZnCl2 and CuCl2 solutions reached 83 and 45, respectively, which also 
changed the ζ potential of ZnCl2 and CuCl2 systems to -3 and -7, respectively. These results 
confirmed that both charge neutralization and patching mechanisms were involved in the 
flocculation of ions.8 However, the destabilization index of the KCl solution decreased to 14 when 








Figure 6. 4 The effect of dual polymer system on the destabilization index of the model solutions (control 
solution contained lignin derivative with the opposite charge and no salt) 
To further validate the flocculation results, the mean aggregate sizes (d) of lignin polymer/ion 
solutions were measured in the flocculation process and results are tabulated in Table 6.4. In the 





































those in the singular system. The coagulation of KL-METAM and KL-AA expanded the molecular 
coils of the polymers by enhancing the loop and tail formations resulted in large open flocs and 
promoting flocculation.  
The KL-METAM or KL-AA altered the d of ions solutions from 170 < picometer (pm)62 up to 0.7-
1.8 µm, which favored the formation of complexes between ions and lignin macromolecules, 
leading to more flocculation and settling (more TSI value in Figure 6.4). In the dual system, the 
subsequent addition of the second polymer led to a remarkable alteration in d. However, the 
combined KL-AA/KL-METAM system generated the largest aggregates in ZnCl2 solution (d of 
4.44 µm) due to the more efficient interaction of Zn2+ with KL-AA/KL-METAM (Figure 6.4), 
which supports the results presented in Figure 6.3. 
Table 6. 4 Mean aggregate sizes (d) obtained for the model solutions in the single and dual polymer systems 
(conducted under the conditions of 10 g/L polymer solution, and 0 or 10 mM model effluent). 
Sample d (µm)   
 CuCl2 ZnCl2 KCl No salt All salts 
KL-METAM 0.74 0.86 0.787 0.03 - 
KL-AA 0.97 1.86 1.03 0.02 - 
KL-METAM/KL-AA 1.62 3.60 1.31 0.71 - 
KL-AA/KL-METAM 2.27 4.44 1.28 0.86 5.33 
Error was <5%. 
6.4.8 Adsorption and flocculation in a mixed system 
 
The negligible changes were found between the contact angles of mixed model solution (ZnCl2, 
CuCl2, and KCl) on both KL-METAM and KL-AA coated surfaces compared to that of single 





The normalized frequency and dissipation in the adsorption of mixed model solutions on lignin 
derivatives are presented in Figure 6.5. Similar to the previous adsorption results (Figures 1 and 
3), more adsorption was achieved on the KL-AA surface than on the KL-METAM surface (5390 
ng/cm2 on KL-AA vs 3410 ng/cm2 on KL-METAM). The cartoon model of ion removals using 
KL-AA and KL-METAM coated surface is proposed in Figure 6.6. Accordingly, the mutual 
electrostatic attraction between KL-AA and KL-METAM considerably increased the possibility 
of the formation of polymer bridges between the coated polymers and approaching polymers as 
well as ions.  
It is worth mentioning that the viscoelastic properties of the adsorbed layer in the mixed solution 
was slightly less than the adlayer of the single solution system on the surface of KL-AA (Figure 
6.3b). This might be due to the more diffusion of mixed solution into the KL-AA coated layer, 
which leads to reorganization and densification of the adsorbed layer.63 However, no significant 
changes were observed between the viscoelastic properties of the adsorbed layer in the mixed 
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Figure 6. 5 Dual-component adsorption of mixed model solution (10 mM, 20 min, salt solutions are mixed 
with lignin polymer and adsorbed on the oppositely charged lignin coated surface)  
 
 
Figure 6. 6 Proposed adsorption mechanism of the dual-component adsorption in mixed model solution 
on QCM sensor coated with a) KL-AA and b) KL-METAM 
The synergistic effect of binary mixtures of KL-AA and KL-METAM in the flocculation of mixed 
ion solution was shown in Figure 6.7. Since the presence of KL-AA followed by KL-METAM had 
the greatest effect on the adsorption and instability of ionic composition solutions, this sequence 
was employed in the mixed solution. The results revealed a drastic increase in the instability of 
model solutions in which the TSI value reached 95 in the presence of the polymers.  
The better flocculation performance of the dual polymer system in the mixed model solution 
(Figure 6.7) compared to that of the single polymer flocculant (Figure A31) could be due to the 
mechanism involved in the flocculation of ions by lignin polymers. As stated earlier, each polymer 
could adsorb ions as illustrated in Figure 6.2 in the saline systems. Then, the oppositely charged 







of the uninvolved charges of lignin polymers (if any) will be neutralized by extra ions. 
Additionally, there would be some ions physically trapped within the structure of the polymer 
flocs, and some ions could diffuse in the voids of the polymer flocs.  
It should be pointed out that the ζ of the mixed solution reached 5.5 mV (from 8.4 mV) when KL-
AA and KL-METAM were added, implying the higher flocculation efficiency and formation of 
larger flocs as compared with the singular solution system. In such a case, the larger aggregate 
diameter (5.33 µm) was attributed to the greater binding of ions and lignin macromolecules (Figure 
6.6). 
 
Figure 6. 7 The effect of the dual polymer system on the destabilization index of the mixed model 
solutions (10 mM) 
6.4.9 Ion removal efficiency using different materials 
 
The stability performance of KL-AA/KL-METAM was compared with other polymers (natural or 
synthetic), and the results are shown in Table 6.5. As seen, the removal efficiency of ions using 























the optimum dosage of KL-AA and KL-METAM used in this work was significantly lower than 
that stated in other reports. Superior enhancement of TSI value obtained at neutral pH can be 
another advantage of using lignin-based materials in the destabilization of ionic composition from 
aqueous solution. Overall, the results confirmed that the application of KL-AA/KL-METAM for 
ions removal is promising. 
Table 6. 5 Comparison of various polymers for the destabilization of ions in water 
Polymer Ions pH Dosage  TSI 
KL-AA and KL-
METAM 
Zn2+, Cu2+, K+ 
 
7 10 mg/L + 
0.2 mg/L 
95 
Coffee lignin 64 
Tule lignin 
Cr3+, Zn2+, Pb2+, 
Ni2+, Ca2+ , Cd2+ , 
Cu2+ 







Cr3+,  Pb2+, Cu2+, 
Ni2+, Zn2+, Ca2+, Cd2+ 
4.7 97 mg/L 70 
Anionic polyacrylamide 
66 

















Various scenarios were examined for the removal of heavy metal ions using lignin derivative 
polymers. Results showed that KL-AA was more efficient than KL-METAM for removing ions 
from the solution due to the greater electrostatic attraction as well as cation-π interaction and 
chelation/complexation mechanism developed between the polymer and ions. QCM and XPS 
analyses proved that divalent ions tended to adsorb via chelation/complexation mechanism on both 
alkyl chains and carboxylic groups of KL-AA coated films. Cationic-π interactions between ions 
and the aromatic part of lignin macromolecules were also responsible for the uptake of cationic 
ions from the aqueous solutions. Compared to the single polymer system, the dual polymer system 
had higher adsorption and flocculation capacity for ions when KL-AA was introduced as a first 
polymer followed by KL-METAM because KL-AA had a stronger affinity to adsorb ions, and then 
KL-METAM could form bridges to entrap the unattached ions. Moreover, the diffusion of ions 
into the voids of polymer flocs enhanced the flocculation efficiency of the dual system compared 
to the single polymer system, which manifested by larger aggregate size. Compared with the 
reported findings, the present work indicated that KL-AA/KL-METAM polymers were more 
efficient for eliminating ions from the model solutions. Among the ion solution studied, the 





interacting with other elements. The QCM results also revealed that the deposition of ions on the 
KL-AA coated surface generated a bulkier and more viscoelastic adlayer compared to that on the 
KL-METAM surface. A similar trend was also observed in the multi-component systems. 
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Chapter 7: Production and Application of Triblock Hydrolysis Lignin-based 
Anionic Copolymer in Aqueous Systems 
 
7.1 Abstract  
 
Although lignin is currently an under-utilized biopolymer, it has the potential to be valorized 
through different modification pathways to yield alternative products to petroleum-based ones. In 
this work, hydrolysis lignin (HL) was copolymerized with acrylamide (AM) and acrylic acid (AA) 
under acidic conditions to generate lignin-AM polymer (HM), lignin-AA polymer (HA), and 
lignin-AM-AA copolymer (HAM) with different negative charge densities and molecular weights. 
Lignin-based polymers characterized by advanced tools, such as proton nuclear magnetic 
resonance (1H-NMR), gel permission chromatography (GPC), and elemental analysis confirmed 
the successful polymerization of HL with AM, AA, or AM/AA monomers. The adsorption analysis 
using Quartz crystal microbalance (QCM) revealed that, compared to diblock HM and HA, the 
triblock copolymers of HAM adsorbed more on the Al2O3 surface and generated a bulkier adsorbed 
layer, which is important for lignin-based coating formulation. HAM1 with lower charge density 
yielded higher surface excess density, while HAM2 with a larger Rh occupied more space (153.7 
Å2) at the interface of water and Al2O3. In suspension systems, because of the higher Mw, Rh, and 
adsorption affinity; the bridging performance of HAM2 was more remarkable than the other lignin 
derivatives for Al2O3 particles via forming stronger flocs (with deflocculation parameter, Tdf, of 
80.6 s). However, the deblock lignin-acrylic acid (HA1) polymer showed the fastest floc regrowth 
capability after reducing the shear forces (with reflocculation parameter, Trf, of 62.5 s). The high 
thermal stability, Tg, and rheological characteristics of the HAM copolymer proved that it can be 
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7.2 Introduction 
  
Lignin, a highly branched aromatic polymer, is now considered the main aromatic renewable 
resource with attractive properties, such as biodegradability as well as antimicrobial and UV 
activities.1,2 Enzymatically hydrolyzed lignin (HL) is derived from the biofuel production process 
and has been recognized to have poor hydrophilicity and low reactivity, which impedes its 
conversion to value-added products.3-5 Therefore, the advancement in the applications of 
hydrolysis lignin necessitates the modification of its chemical structure. Numerous studies 
demonstrated that the polymerization of lignin with functional monomers is a promising approach 
for lignin valorization, which can enhance both the molecular weight and charge density of the 
lignin macromolecule.6-8 Previously, the polymerization reaction of kraft lignin with acrylamide9 
and acrylic acid (AA)10,11 was studied for producing lignin-based material with multifunctional 
applications. However, the production of HL with both AM and AA monomers in a ternary 
reaction system has not been investigated, which is covered in the present study.  
The industrial wastewaters generally contain dissolved colloids, organic matter, and other 
impurities.12,13 The removal of these suspended particles is recognized as a serious challenge. The 
flocculation process has extensively been adapted to treat various wastewaters, which exhibited 
many advantages including the low cost of operation and effectiveness.12,13 Previously, novel 
lignin- acrylic acid polymer was synthesized, which was very efficient for flocculating the 
aluminum oxide suspension.11 Similarly, the hydrolysis lignin- polyacrylamide showed promising 





polyAM to natural polymers (i.e., lignin) can improve the grafting efficiency and bridging 
effectively of lignin in the flocculation process, it may have some disadvantages, such as long 
dissolution time and low efficiency for charge neutralization.15,16 It was reported that the lignin-
based flocculant prepared through grafting two monomers to lignin can significantly increase the 
solubility, molecular weight, and flocculation efficiency of lignin compared with that prepared 
through grafting one monomer to the lignin backbone.17 For instance, the charge density, 
molecular weight, and solubility of kraft lignin (KL) was increased significantly via 
copolymerizing lignin with AM and [2-(methacryloyloxy)ethyl]trimethylammonium chloride 
(DMC), which showed a high flocculation efficiency for both kaolin and bentonite suspensions.8 
However, there is no information available for the potential application of a triblock copolymer of 
hydrolysis lignin, AM, and AA as a flocculant for solid particles in suspensions, which is the 
second objective of this work.  
The adsorption of polymers on particles is an important factor in the flocculation process of the 
suspension systems. Previous studies showed that the adsorption of high molecular weight (Mw) 
lignin polymer was greater than that of the low Mw on a model substrate.18-22 It is also evident that 
the high charge of lignin polymers can develop more electrostatic attraction forces with particles 
leading to a higher level of adsorption, which is crucial for solid/liquid separation processes.23 
However, it is not clear how both high negative charge density and molecular weight of lignin-
based copolymers can affect the viscoelastic behavior of the adsorbed layer on particles, which is 
studied in this work.  
The thermal stability of a flocculant is governed by its chemical architecture, molecular 





systems of the chemical processes operating at an elevated temperature (i.e., mining process).24,25 
In this regard, thermogravimetry analysis (TGA) and differential thermogravimetry (DTG) 
analysis can provide information on the thermal decomposition profiles of lignin macromolecule,26 
which facilitate the investigation on the physiochemical alternation of lignin polymer that occurs 
at a high temperature.27 Moreover, high molecular weight flocculants have a high softening point 
and glass transition temperature (Tg).28 It was stated that, at a temperature higher than the Tg, the 
molecular structure of lignin started to soften due to the Brownian motion, which would 
subsequently alter the physicochemical properties of lignin in solution and thus its performance as 
a flocculant.28 Thus, the thermal properties of lignin-based polymers were fundamentally 
investigated in this study to probe if the lignin copolymers can be used as flocculants in wastewater 
treatment systems at an elevated temperature. 
It should be stated that hydrolysis lignin is physiochemically different from kraft lignin: hydrolysis 
lignin has covalently bound carbohydrates but kraft lignin does not, hydrolysis lignin has larger 
particles and is more insoluble than kraft lignin. Therefore, the results available on the 
polymerization of kraft lignin would not be representative of the hydrolysis lignin. To valorize 
hydrolysis lignin, its polymerization should be delicately assessed. The main novelty of the present 
study was the copolymerization of hydrolysis lignin, acrylamide, and acrylic acid in a ternary 
reaction system. The adsorption behavior and flocculation efficiency of the triblock HL-AM-AA 
copolymers (HAM) were evaluated and compared with those of diblock HL-AA polymer (HA) 
and HL-AM polymer (HM). In addition, the structural, thermal, and rheological properties of the 
produced lignin-based copolymers in the threefold reaction system were compared with those 









Enzymatically produced hardwood hydrolysis lignin was supplied by FPInnovations (Thunder 
Bay, ON). Acrylic acid (AA), acrylamide AM (99.0%), KOH, parahydroxy benzonic acid, 
potassium persulfate (K2S2O8) (analytical grades), sodium hydroxide and sulfuric acid, 
hydrochloric acid (37%, reagent grade), potassium hydroxide (8 M), potassium chloride (KCl), 
polydiallyldimethyl-ammonium chloride (PDADMAC, the molecular weight of 100–200 kg/mol 
20 wt% in water), sodium azide (NaN3, 99.5%), trimethylsilyl propanoic acid (TSP), d6-dimethyl 
sulfoxide (d6-DMSO), deuterium oxide (D2O), and aluminum oxide (Al2O3) were all purchased 
from Sigma-Aldrich company. Potassium polyvinyl sulfate (PVSK) was provided by Wako 
company. Fisher Scientific company provided ethanol (95 vol %). Cellulose acetate dialysis 
membrane tubes (molecular weight cut off of 1000 g/mol) was obtained from Spectrum 
Laboratories. Deionized water with a resistivity of less than 18 MΩ/cm was produced by a 
Millipore water purification system and used throughout this work. 
7.3.2 Synthesis and purification of HAM copolymer   
 
A 2 g sample of lignin was suspended in 20 mL of deionized water at room temperature and 300 
rpm for 20 min in a 250 mL three-neck glass flask. After that, the desired amounts of AA (AA to 
lignin molar ratio of 3.8 and 10.1), and AM (AM to lignin molar ratio of 5.1) were added to the 
flasks, and the pH of the medium was adjusted to 3 using 1.0 M NaOH solution. Subsequently, the 
predetermined amount of K2S2O8 (0.03 g) was added to the flasks as an initiator, and the medium 





carried out at 80 °C for 3 h, while a continuous purging of N2 was supplied during the reaction. 
After completion, the reaction medium was firstly cooled to ambient temperature, and then 
acidified to a pH of 1.5 to collect the final product from the solution. After mixing, the mixture 
was centrifuged at 3500 rpm for 10 min to precipitate the HL-AM-AA copolymer (HAM) and to 
remove the homopolymers (i.e.; PAM, PAA) and unreacted monomers (i.e.; AM, AA) present in 
the supernatants. Further purification of the HAM polymer macromolecules was achieved using 
membrane dialysis for 48 h to remove any unreacted monomers and salts from the HAM polymer. 
Then, the dialyzed anionic lignin was dried at 105 °C. In another set of experiments, HL was 
polymerized with AA or AM and they were named HA and HM, respectively, using the above-
mentioned method, and the final products were considered as the control samples to compare with 
HAM copolymers.  
7.3.3 Characterization of lignin polymers 
 
The charge density of the lignin copolymers was measured using a Particle Charge Detector, 
Mütek PCD 04 titrator (Herrsching, Germany). In this analysis, the lignin samples (1 mL) at a 1 
wt.% concentration were titrated against the PDADMAC solution (0.0050 M) at pH 7. The charge 
density of the samples was then determined according to the previously established procedure.10  
The molecular weight of the HL, HM, HA, and HAM polymers was analyzed by a gel permeation 
chromatography (Malvern, GPCmax VE2001 Module + Viscotek TDA305) equipped with multi-
detectors. In this measurement, the organic columns of PolyAnalytic PAS106M, PAS103, and 
PAS102.5 were used, and NaNO3 (0.1 mol/L) was used as solvent and eluent. The flow rate and 





used as the standard solution for the aqueous system, and the refractive index (RI) detector of the 
instrument was used to determine the molecular weight of the polymers. 
The phenolic hydroxy group and carboxylate group contents of lignin samples were measured 
using an automatic potentiometer, Metrohm, 905 Titrando, Switzerland. In this analysis, 0.06 g of 
samples were mixed with 1 mL of KOH (0.8 M), and 4 mL of para-hydroxybenzoic acid (0.5 wt 
%) as an internal standard solution. The prepared samples were then titrated against 0.1 M HCl 
solution and the mean value of three measurements was reported.29 
The elemental analysis was performed for lignin polymers using an Elemental Analyzer (Vario EL 
Cube, Elemental Analyzer, Germany). Approximately, 5 mg of the oven-dried samples were 
transferred into the carousel chamber of the instrument and combusted at 1200 °C to reduce the 
generated gasses to examine their carbon, hydrogen, and oxygen contents. Considering the 
carboxyl group content of the samples, the grafting ratio of HM, HA, and HAM polymers was 
calculated according to the equation described by Bayazeed and coworkers.30   
The molecular structure of HL, HM, HA, and HAM polymers were analyzed using 1H NMR 
spectroscopy. In this set of experiments, 30 mg of dried samples and 8 mg of trimethylsilyl 
propanoic acid (TSP) were dissolved in 450 µL DMSO-d6 and 50 µL D2O stirring overnight at 
room temperature. The 1H-NMR spectra of samples were acquired using INOVA-500 MHz 
instrument (Varian, USA) with a 45° pulse after 64 scans and a relaxation delay time of 1.0 s. 
The hydrodynamic radius (Hy) of the HL, HM, HA, and HAM polymers was measured via a 
dynamic light scattering (DLS) instrument, BI-200SM Brookhaven Instruments, USA, equipped 
with a 35 mW laser power source. In this analysis, 1 g/L of HL and HL-AM-AA were prepared in 





After mixing, 20 mL of sample were filtered using a 0.45 μm disposable syringe filter, and the 
hydrodynamic radius of lignin samples was determined using the method described previously.31 
The scattering angle was set at 90° and the analysis was conducted at the wavelength of 637 nm. 
The average value of three repetitions was then reported in this study.  
7.3.4 Quartz crystal microbalance with dissipation (QCM-D) Studies 
 
The adsorption of lignin polymers (1 wt.%) on the aluminum oxide substrate was assessed using 
a Quartz crystal microbalance with dissipation (QCM)-D. The adsorption analysis was monitored 
by introducing the buffer solution (i.e., Mili-Q water) to the chamber of the QCM instrument at 
the controlled temperature of 22±0.1 °C to generate the baseline in the experiments. After reaching 
the equilibrated baseline, the buffer solution was switched to the lignin polymer solutions and the 
shifts in frequency and dissipation of the sensor at the 5th harmonic (n = 5) were recorded as a 
function of time. Solutions were pumped at the flow rate of 0.15 mL/min throughout the 
experiments. The viscoelastic properties of an adsorbed layer were also monitored by the 
dissipation of the sensor's energy in the oscillating Quartz crystal system following equation 1: 
𝐷 =  
𝐸𝐷
2𝜋𝐸𝑠
   (1) 
where ED represents the energy dissipated during oscillation and ES is the amount of energy stored 
in the oscillating system. For the rigid adsorbed layer, the dissipation value is very low. However, 
the viscoelastic film shows higher energy dissipated through the adsorbed layer indicating more 
deformation during the oscillation.32 The characteristic of the adsorbed lignin polymer on the 
aluminum oxide surface was determined by the Q-tools software in the QCM-D instrument. 






The rheological properties of lignin samples (HL, HM, HA, and HAM) were determined using a 
hybrid rheometer (TA Instruments) equipped with a cylindrical geometry (cone length, 41.96 mm; 
cone diameter, 28.03 mm; gap, 5500 μm; angle, 1°) at 22°C. In this set of experiments, 25 mL of 
lignin solution (4 wt.%) was placed inside the cell of the instrument and a 3 min pre-shear at 100 
1/s was applied to the samples prior to the measurement. To determine the linear viscoelastic 
region (LVR), the dynamic strain sweep measurement was carried out at the frequency of 6.28 
rad/s. The frequency sweep measurements were then performed in the range of 0.01 and 100 rad/s, 
while the strain value from the linear viscoelastic region was set at 0.1%. 
7.3.6 Zeta potential analysis  
 
The zeta potential of aluminum oxide suspension was analyzed in the presence of various dosages 
(2 to 64 mg/L) of lignin polymers using a NanoBrook PALS (Brookhaven Inc.; USA). The zeta 
potential measurements were carried out at room temperature and a constant electric field (8.4 
V/cm). The reported data in this experiment was the average of three repetitions. 
7.3.7 Flocculation analysis 
 
The flocculation behavior of the aluminum oxide suspension and the properties of the formed flocs 
were determined via monitoring the chord length distribution of particles in the suspension in a 
real-time scenario using a focused beam reflectance measurement (FBRM), Mettler Toledo, E25. 
In this experiment, 200 mL of aluminum oxide suspension (25 g/L at pH 6) was stirred at 200 rpm 
and then the laser probe (25 mm diameter) was submerged in the medium. After reaching the stable 
condition, the desired volume of lignin polymers was added to the suspension and the chord length 
distribution (CLD) was assessed by using 90 log-channels over the range of 1 and 1000 μm using 





mixture was increased to 700 rpm for 1 min to break down the generated flocs (i.e.; deflocculation 
process). Subsequently, the agitation speed decreased to 200 rpm once again to analyze the 
reflocculation of broken flocs. The CLD of the particles in aluminum oxide suspension was 
recorded every 3 s. 
7.3.8 Thermogravimetric Analysis (TGA) 
 
The thermogravimetric analysis of HL, HM, HA, and HAM was evaluated by a thermogravimetric 
analyzer, Instrument Specialist, i1000, to determine the thermal behavior of lignin samples. In this 
set of experiments, the samples were first dried in an oven (105 °C) overnight prior to analysis. 
Then, they heated from room temperature to 700 °C under a 20 mL/min nitrogen flow rate. The 
heating flow rate was adjusted at 10 °C/min. 
7.3.9 Differential scanning calorimetry (DSC) 
 
The glass transition temperature (Tg) and heat capacity (Cp) values of the lignin samples were 
analyzed using a differential scanning calorimetry (DSC, TA Instruments Q2000). The experiment 
was conducted according to the methods published previously.33,34 First, a 5 mg dried lignin 
sample was placed in a DSC pan, and then the samples were treated in the temperature range of 
0 °C and 200 °C, while the heating rate was set at 3 °C/min.34 After heating the samples to 200 °C, 
they were cooled down to 0 °C and reheated again to 200 °C. The values of Tg and Cp of lignin 
samples were assessed in the second heating cycle.33 
7.4 Results and discussion 
 






 1H NMR spectroscopy 
The 1H NMR spectra of HL, HM, HA, and HAM are depicted in Figure A32a. The broad resonance 
at 7-8.2 ppm is associated with the aromatic protons, including the vinyl protons, on the carbon 
atom next to the aromatic ring.35 The peak between 3.7 and 4.4 ppm is attributed to protons in the 
methoxy group of lignin,36,37, and the signals at 3.38 ppm are assigned to the methylene protons in 
the β-β structure.38 Moreover, the resonance at 3.1 ppm is attributed to the protons of 
anhydroxylose units of hemicelluloses.39 The new peaks for the PAA chain segment (Figure A32-
b,c) occurred at 1.5 ppm, 1.96 ppm, and 2.33 ppm, which were assigned to C-1, C-2, and hydroxyl 
end.40 Moreover, the signal at around 4.15 ppm, which was absent in that of HL, corresponded to 
the protons of –CH2 attached to the aromatic structure through ester bond (–CH2–O–C6H5). In the 
case of HM polymer, the additional peaks presented at 1.6 and 2.1 ppm (Figure A32-d) were 
attributed to the protons of Cα and Cβ, respectively, connecting to the amide group of HM.41 The 
peak at 4.3 ppm also corresponded to the –CH2 protons connecting to the phenolic hydroxy group 
of lignin (i.e., via ester bonding) and indicating that the Ph-OH of lignin was the active site for the 
polymerization reaction.42 
Examining the 1H NMR spectrum of HAMs illustrated that the resonance from the acrylamide and 
acrylic acid portions of the copolymers was observed at 1.5–1.8 ppm and 2.2-2.5 ppm, 
respectively. Moreover, a decline in the residual content of phenolic hydroxy group in HAMs was 
evident as a conclusion of the reduced peak intensity at 7-8.2 ppm, which confirmed that the Ph-
OH group of HL was the active site for the polymerization of HL and AM/AA (Figure A32-e,f).  





In this work, the free radical copolymerization of hydrolysis lignin, acrylamide, and acrylic acid 
(HAM) was carried out in an aqueous solution. To find out how acrylamide or acrylic acid 
monomers work separately in a polymerization reaction with lignin, HL was polymerized with AA 
or AM to generate HA and HM, respectively. Since the amount of AM applied for producing 
HAMs was constant (5.1 mol/mol), but AA was used at different dosages (3.8 and 10.1 mol/mol), 
one HM and two HA (namely HA1 and HA2) were synthesized following the free radical 
polymerization. Then, HA and HM were considered as the control samples for HAM production 
throughout this work. The details of the polymerization mechanism and the proposed reaction 
scheme are available in Scheme A2.  
Table 1 lists the properties of the HL derivatives. HL had a charge density of -0.43 μeq/g and Mw 
of 6300 g/mol. It is evident that the charge density, solubility, and molecular weight of HA and 
HAM polymers were increased after polymerization confirming the successful grafting of the 
monomers onto the lignin structure. The successful polymerization of HL and AM was confirmed 
by enhancing the molecular weight of HM from 63×102 g/mol to 141×103 g/mol. Also, the high 
amount of nitrogen (1.09 wt.%) in the HM polymer, originating from the amide group (-CONH2) 
of AM monomer, was also an indicator of the successful polymerization of HL and AM. Although 
the charge density increment of HM polymer was negligible, AM monomer increased the 
solubility of lignin polymer (from 25 to 47 wt.%) due to the attachment of the amide group to the 
lignin backbone. A decrease in the phenolic hydroxy group of HM and HAs was mainly attributed 
to the participation of Ph-OH of HL in the polymerization. Increasing the carboxylate group 
content of HAs, stemming from the acrylic acid monomer, was associated with the decrease in the 
Ph-OH group of lignin.11 Compared to HA1, the lower amount of Ph-OH and higher amount 





polymerization reaction was accelerated more greatly for HA2. It is worth noting that, by 
increasing the carboxylate group and the molecular weight of HAs, their oxygen content increased, 
while the carbon and hydrogen contents decreased. 
A comparison between the products of the three-component reaction systems showed that HAM1 
had a higher charge density and nitrogen content than HAM2 did, indicating that the 
copolymerization reaction was performed more efficiently for HAM2 than HAM1. Moreover, the 
phenolic OH group content of lignin copolymer was reduced to 0.78 and 0.37 mmol/g (from 1.63 
mmol/g) for HAM1 and HAM2, respectively, illustrating that the phenolic group of lignin was 
involved in the reaction with AM and AA monomers. Unmodified HL had a carboxylate content 
of 0.38 mmol/g. However, the carboxylate content of HAMs increased to 2.2 and 3.1 mmol/g for 
HAM1 and HAM2, respectively. As stated in the literature,11 an increase in the carboxylic acid 
content of lignin is an indicator of grafting of AA group on the phenolic OH of lignin, improving 
the water solubility of lignin macromolecule. The AM facilitated more bridging of HL and AA, 
facilitating the water solubility of HAM polymers. Considering the constant amount of AM in the 
polymerization reaction, HAM2 with more attachment of AA had a higher molecular weight (351× 
103 g/ mol) compared to HAM1 (277× 103 g/mol). The results in Table 1 also revealed that the 
hydrodynamic radius of modified lignin was larger than that of HL due to the presentence of AA 
and AM segments on lignin. However, in the ternary reaction system, the attachment of both 
AA/AM made these copolymers to have larger hydrodynamic sizes.  
Table 7. 1 Properties of HL and HAM polymers.  








-0.43±0.11 -0.45±0.1 -0.8±0.07 -1.35±0.2 -1.6±0.2 -2.2±0.1 
Carbon, 
wt.% 
62.6±1.8 58.4±0.2 59.4±0.3 52.2±0.9 48.9±2.1 47.4±1.2 
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0.38±0.05 0.38±0.05 1.07±0.04 1.45±0.02 2.2±0.03 3.1±0.2 
Solubility, 
wt.% 
25±0.5 47±1.1 52±0.9 64±1.2 73±2.3 81±2.5 
Mw, g/mol 44±5.1×102 141±3.7×103 131±2.9×103 228±5.5×103 277±7.1×103 351±4.2×103 
Mn, g/mol 28±1.3×102 59±3.1×103 59±2.5×103 95±3.9×103 124±4.4×103 140±3.4×103 
Mw/Mn 1.6±0.3 2.4±0.6 2.2±0.7 2.4±0.5 2.2±0.3 2.5±0.2 






7.4.2 Adsorption Analysis 
 
The adsorption kinetics of lignin polymers on the aluminum oxide-coated QCM sensors is shown 
as a function of time in Figure 1. The limited adsorption performance of HL implied that HL had 
limited interaction with aluminum oxide. However, by introducing the diblock lignin polymers 
(i.e., HM and HAs) to the surface, the frequency started to decrease due to the deposition of the 
polymer and water molecules on the surface. Of diblock polymers, the larger negative frequencies 
of the sensors (-11.4 Hz and -7.6 Hz) before buffer rinsing were recorded for HA2 and HM, 
respectively, which illustrated more adsorption affinity of those polymers on the Al2O3 surface. 
The greater deposition of HA2 can be due to the higher charge density and molecular weight (Table 
1) of HA2 compared to that of HM. Additionally, the high dissipation values of 8.6 and 6 for HM 
and HA2, respectively, confirmed that they created a soft and viscoelastic adsorbed layer on the 
sensor upon the course of adsorption. In this case, HA2 generated a more packed adlayer. 
However, the lower adsorption affinity and the less dissipative adsorbed layer was observed for 
HA1, which was attributed to its limited surface functional groups to interact with the Al2O3 
surface.  
In contrast to diblock polymers, a higher adsorption rate was observed for HAM copolymers. Since 
HAM2 had a higher charge and molecular weight, it interacted more significantly than HAM1 
with the cationically charged aluminum oxide surface.43,44 The adsorbed mass and adsorbed 
adlayer thickness were also illustrated in Table 2. The higher overall mass and thickness of the 
adsorbed layer of HAM2 on the aluminum oxide surface (68.5 mg/ cm2, 108.2 nm) than those of 
HAM1 (48.3 mg/cm2, 72.2 nm) confirmed the more intense interaction and self-assembly of 





polymers.45,46 When the adsorption reached a saturation level (at the time of 650 s), buffer rinsing 
was initiated, which removed the weakly adsorbed mass of HAMs from the sensors and thus 
reduced the dissipation of the sensor. The desorption of HAM molecules from the aluminum oxide 
surface was due to the loose binding of HAM molecules to the surface in the presence of strong 
electrostatic repulsion forces developed between the negatively charged deposited HAM polymers 
on the surface. The insignificant changes in dissipation were the indicator of the flat configuration 
of lignin polymers on the surface that was more pronounced for diblock polymers.47 The similar 
behavior was also observed in a study on the adsorption of carboxymethylated lignin particles on 
the gold surface, in which some of the loosely bound lignin polymers desorbed during the buffer 






















   
Figure 7. 1 Adsorption of HL, HAs, HM and HAMs on the aluminium oxide sensor: a) frequency changes, 
b) dissipation changes (vertical dash line shows buffer rinsing). 
Table 7. 2 Adsorption properties of lignin macromolecules on aluminium oxide surface at equilibrium. 
Sample Δm (mg/ cm2) Δd (nm) 
HL 7.3 7.8 
HM 28.2 32.8 
HA1 19.5 29 
HA2 32.8 12.5 
HAM1 48.3 72.2 
HAM2 68.5 108.2 
 
The changes in the frequency, ∆f, and dissipation, ∆D, in the adsorption of lignin derivatives on 
the aluminum oxide sensor were illustrated in Figure A33 to understand the effect of polymer 
adsorption on the viscoelastic behavior of the adsorbed layer. Presenting ∆D/∆f ratio illustrates the 




















layer for HM and HAs on the surface at a low adsorption level. However, HAM polymers with a 
steeper slope indicated a more viscous adsorbed layer on the sensor. According to the literature, 
the higher ΔD/Δf ratio may also imply the entrapment of water molecules within the adsorbed 
layer, which creates a more viscous film.49 Thus, HAM2 with a more three-dimensional structure 
(Rh=75 nm) may entrap more water molecules within its adsorbed polymer and generate a bulkier 
adsorption portfolio on the surface. 
The fundamentals of the HAM polymer adsorption on the aluminum oxide surface were further 
studied via the determination of the surface occupancy of the HAM molecule on the surface to 
develop the first layer of polymer on the sensor. To calculate the surface activity of each molecule 
on the desired surface, the surface excess density (Γ) of the molecule should be evaluated. 
Considering the slope of surface tension (σ) of water containing HAMs and the polymer 
concentration (C), the surface excess density can be calculated (Figure A34) following Gibbs 
adsorption isotherm (equation 2): 
Γ =  −(𝑅𝑇)−1 × (
𝑑𝜎𝐶𝐾𝐿
𝑑 𝑙𝑛𝐶
)  (2) 
wherein R and T represent the universal gas constant (J/(mol K) and absolute temperature (K), 
respectively.  
The surface tension results (Figure A34) depicted that the surface tension of HAMs reduced 
linearly with rising the natural logarithm of polymer concentration. Accordingly, at a 7 g/L HAM 
concentration, ∂ of lignin copolymers reached 65.3 and 63.9 mN/m for HAM1 and HAM2, 
respectively (from ∂water = 72.8 mN/m). Considering the results of Figure A34, the maximum 





and HAM2 solutions at the air/water interface, respectively. As stated in the literature, the surface 
activity of a polymer is correlated with its surface access density (Γ).50 Hence, the smaller the Γ 
value of HAM1, the smaller the surface activity of this polymer would be. The surface area 
occupied by each molecule (a) at the interface of the aluminum oxide sensor can be assessed 




  (3) 
where N is the Avogadro constant. 
Owing to the larger Rh (Table 2), HAM2 polymer occupied a larger area (153.7 Å2) at the interface 
than did HAM1 (133.8 Å2). In other words, the extended configuration and higher surface 
occupancy of HAM2 reflected a more three-dimensional structure of this polymer compared to 
that of HAM1, when the first layer of polymer segments coat the surface.  
7.4.3 Rheological Characteristics 
 
The intermolecular forces of chemically modified lignin can significantly impact the rheological 
properties of the polymer due to its three-dimensional structure as well as molecular chain length 
and conformation.51 To understand how the structure of the lignin derivatives would impact their 
properties in solution, dynamic rheological studies of the polymers were carried out. Figure 2a 
illustrates the plot of storage modulus (G′) and loss modulus (G″) over the frequency sweep (ω). 
It is generally suggested that G′ represents the magnitude of the energy stored and recovered per 
cycle, which indicates the entropy elasticity for polymer chains.52 Also, the G″ is a measure of the 
energy dissipated in a cycle of deformation.52 All the lignin samples exhibited higher storage 





(Figure 2-a). At lower values of frequency (Figure 2b), the intersection points were present 
between G′ and G″ of all lignin samples, illustrating that the studied systems at a lower frequency 
(≥ 20 rad/s) manifested weak gel-like structures. In other words, the intersection point between G′ 
and G″, namely crossover frequency, which shows the beginning of the elastic behavior of the gel 
state, was observed at a lower frequency value of lignin samples. At the crossover point, sample 
property changes from viscous to predominant elastic behavior due to the formation of an 
interconnected network of polymer chains. However, HAM2 polymer with a higher molecular 
weight showed the highest modulus compared with the other samples. Such behavior indicated 
strong interactions between HAM2 polymer chains, which reflected more elastic behavior and the 
existence of a three-dimensional network of HAM2 in an aqueous system. 
The polymerization of lignin macromolecule as a biodegradable and abundant source of raw 
material with synthetic polymers (i.e., particularly acrylates as well as other vinyl monomers) has 
the potential of generating a new class of engineering plastics.53,54 Therefore, HAM copolymers 
can potentially be used as biodegradable plastics. However, substantial effort should be made to 







Figure 7. 2 Plot of storage and loss modulus as a function of angular frequency in the range of a) 0-100 
(rad/s) and b) 0-20 (rad/s) for lignin samples (G′ and G″ are respectively represented as solid and open 
symbols). 
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The weight loss and weight loss rate of HL, HM, HAs, and HAMs can be found in Figure 3. It was 
observed that HL had different stages of decomposition. The initial weight loss of HL below 200 
°C is mainly due to the release of adsorbed and bound water. In the temperature range of 100-180 
°C, the plasticization phenomenon occurred, which indicated the cleavage of weak ether or aryl-
alkyl bonds.56 Generally, the decomposition of the polymeric structure of lignin starts in the 
temperature range 120-275 °C, in which the propanoid side chains will degrade. Moreover, at a 
temperature around 275-350 °C, β-β and C-C linkages start to break down.57,58 According to Figure 
3, the HL sample continuously decomposed above 200 °C with a 34% weight loss at 400 °C. 
Hydrolysis lignin was significantly more stable than HM and HAs; however, the HAM copolymers 
was slightly more thermally stable. The higher thermal stability of HAMs can be due to the more 
resistance of ether bond linkages formed during the polymerization reaction59 as a result of the 
wrapping of lignin backbone by AM and AA chains. Compared to diblock polymers (i.e., HM and 
HAs), triblock HAM copolymers had three weight loss events in the temperature ranges of 200-
350 °C, 350-450 °C, and 450-700 °C. The first decomposition event (200-350 °C) was linked to 
the loss of water, ammonia, and small quantities of CO60 while the polymer network remained 
intact and the main degradation phenomenon arose at the pendant amide groups on the acrylamide 
part of the HAM copolymers.17 In the second weight-loss event (350-450 °C), the main polymeric 
chains started to decompose releasing carbon dioxide, nitrile compounds, acrylic acid from 
depolymerization, and imides.17,61,62 At a temperature above 700 °C, only 1.5% of HAM1 and 5% 
of HAM2 copolymer remained.  
Table A5 lists the glass transition temperature (Tg) of lignin samples. It was observed that the 
HAM copolymers had higher Tg values compared with HM, HA1, and HA2 polymers. The higher 





that solidified the structure of the former copolymer. In other words, the free ends of AA and AM 
monomers attached to the rigid lignin macromolecule in HAMs can suppress the molecular motion 
of the grafted AA/AM chains, elevating the Tg values of HAM copolymers.63 
It is worth mentioning that the knowledge of thermal properties of lignin-based polymers might be 
beneficial for its use in wastewater treatment systems of some process, where oxidation or 
acid/alkaline treatments at a high temperature are required.64,25 In such a process, the functionality 


























Figure 7. 3 a) Weight loss and b) weight loss rate of HL, HM, HAs and HAMs at a heating rate of 10 
°C/min. 
7.4.6 Behavior of lignin macromolecules in flocculation process 
 
Zeta potential 
The effect of HL, HM, HA, and HAM polymers on the zeta potential (ζ) of aluminum oxide 
suspension as a function of polymer dosages is demonstrated in Figure A35. The addition of HL 
and HM reduced the ζ of aluminum oxide suspension slightly due to the limited surface charge 
density of the polymers. The zeta potential of the aluminum oxide suspension increased 
significantly and changed from positive to negative when the concentration of HAs and HAMs 
increased in the suspension. However, the aluminum oxide particles attained a higher zeta potential 
in the presence of HAM2 than HAM1 owing to their higher charge density and adsorption of 
HAM2 (Figure 1), which created a more compact diffuse double layer around aluminum oxide 
particles.65 It was also observed that the suspension reached the isoelectric point at a slightly lower 
































 Floc formation 
The weighted chord length distributions of the formed flocs in the aluminum oxide suspension are 
depicted in Figure A36 when different dosages of lignin polymers were added. By increasing the 
dosage of the samples to the aluminum oxide suspension, the number of counts decreased, and the 
chord length distribution slightly shifted toward larger sizes. Moreover, considering the area under 
the count-chord length distribution curve, the total counts dropped by 25%, 24%, 37%, 45%, and 
47% when 2.4 mg/g of HM, HA1, HA2, HAM1, and HAM2 was added to the aluminum oxide 
suspension, respectively. This behavior reflected the aggregation of small particles to larger 
ones.66,67 However, various dosages of HL did not change the chord length size of aluminum oxide 
particles implying that HL was not effective in flocculating the particles. Since the maximum 
increment in the chord length and reduction in the number of counts of aluminum oxide particles 
treated with HM, HAs, and HAMs occurred at the dosage of 2.4 mg/g, this dosage was selected as 
the optimum dosage for further flocculation analysis. The details of the FBRM results at 2.4 mg/g 
in various moments of the aggregate size distribution are available in Table A6. 
Floc strength and recoverability 
The variations in the mean chord length (MCL) of the suspension systems as a function of time 
for lignin samples at different shear rates were shown in Figure 4. The aluminum oxide suspension 
was stirred for 5 min at 200 rpm for stabilizing the system before initiating the trial. At the time of 
300 s, different lignin polymers were added to the suspension, which induced larger flocs by 
increasing the chord length. HL did not impact the flocculation performance of the aluminum oxide 
suspensions owing to the limited anionic charge density and adsorption on the aluminum oxide 





increased the chord length of the aluminum oxide suspension to 14.4, 16.9, and 17.7 µm, 
respectively (from an initial size of 12.1 µm). Compared with diblock polymers, three-component 
HAM copolymers generated larger flocs at 2.4 mg/g, leading to the lower number of particles in 
the suspensions. HAM2 with the higher molecular weight (Table 1) created larger flocs with a 
larger chord length (28.5 µm) compared with that of HAM1 (22.8 µm). However, HAM1 created 
more stable flocs as the variation in the size of the formed flocs was less than that of HAM2 at 200 
rpm. Considering the constant amount of the grafted acrylamide to HAM polymers, the higher 
content of acrylic acid monomers grafted to HAM2 increased the charge density, Mw, (Table 1) 
and three-dimensional structure (i.e., Rh) of HAM2 copolymer facilitating the adsorption of this 
copolymer on the aluminum oxide particles, which subsequently improved its flocculation 
performance. Moreover, the higher surface occupancy of the HAM2 polymer when adsorbing on 
the aluminum oxide particles could be another reason for better flocculation characteristics of the 
aluminum oxide/HAM2 system. As stated in the literature, the higher surface occupancy of the 
polymer could improve the flocculation efficiency most probably through bridging mechanism 
(i.e., tail and loop configurations).68,23 
After 700 s, the mixing speed in the FBRM analysis was increased to 700 rpm (from 200 rpm), 
which reduced the mean chord length of particles, providing evidence of deflocculation (i.e., flocs 
breakage). Once the shear force dropped to the initial level (200 rpm), the crushed particles 
agglomerated and chord length increased accordingly.69,70 As illustrated in Figure 4, by reducing 
the shear rate (i.e., from 700 to 200 rpm), the chord length of the aluminum oxide suspension 
treated with HM, HA1, and HA2 increased to 13.4, 15.9, and 16.7 μm, which were very similar to 
their chord length obtained at the flocculation step prior to the shear rate elevation. However, only 





the deflocculation and reflocculation phenomenon, the obtained data from Figure 4 was fitted into 
equations 4 and 5, respectively: 
𝑌 =  𝐶0 + 𝐴𝑒
−𝑡
𝑇𝑑𝑓  (4) 
𝑌 =  𝐶∞ − 𝐾𝑒
−𝑡
𝑇𝑟𝑓  (5) 
herein C0 and C∞ are numerical constant (μm), A and K are pre-exponential factors, Tdf represents 
the deflocculation parameter (s), Trf stands for the reflocculation parameter (s), t is time (s), and Y 
shows the mean chord size.  
Table 3 lists the parameters of the de-flocculation and re-flocculation processes. As stated in the 
literature, there is a dynamic equilibrium between the formation and the breakage of flocs in the 
flocculation process.71 According to Table 3, the higher value of Tdf in aluminum oxide/HAM2 
(80.6 s) is attributed to the higher strength of the generated flocs. The properties of flocs may be 
attributed to their main flocculation mechanism. Since the patching mechanism can form flocs 
with relatively weak strength, but bridging creates the stronger flocs,72 it might be implied that 
HAM2 copolymer formed flocs mainly through bridging than patching mechanism.  
 Trf parameter elucidates the recovery of the broken flocs after reducing the shear rate. 
Accordingly, the lower Trf value of aluminum oxide/HAM1 suspension indicates the higher 
tendency of this system to reflocculate and relatively faster regrowth capability.73 However, the 
reformed flocs via HAM2 polymer in the aluminum oxide suspension could not reach their initial 
sizes after deflocculation process. In this case, the formed bridges between HAM2 and aluminum 
oxide particles may undergo scission, and hence, a part of the detached HAM2 would reconfigure 





polymers, HA1 polymer formed smaller flocs with more reversible affinity in the floc size after 
deflocculation and reflocculation process, which confirmed the patching flocculation 
mechanism.75  
 
Figure 7. 4 The change in the chord length of flocs in aluminum oxide suspension in the presence of 2.4 
mg/g polymers dosage at different shear rates. 
 
Table 7. 3 The deflocculation and reflocculation parameters of aluminium oxide/HAMs systems under 
different shear rates. 
Sample Tdf, s Trf, s 
HL 58.1 R2 = 0.98 48.5 R2 = 0.97 
HM 51.8 R2 = 0.96 71.4 R2 = 0.98 
HA1 62.9 R2 = 0.98 62.5 R2 = 0.99 




























HAM1 71.4 R2 = 0.98 78.7 R2 = 0.98 




The flocculation performance of HAMs was compared with other bio-based flocculants, and the 
results are tabulated in Table 4. Compared to our previous work,6 the molecular weight of 
hydrolysis lignin increased significantly after polymerizing with two monomers (i.e., AM and AA) 
and thus yielded higher particle removals by generating a larger chord length. Although cationic 
HL-METAC was used at a lower dosage, it was not as efficient as HAMs in particle removal from 
model wastewater.76 The higher molecular weight of HAM than that of cationic cellulose (29×103-
103×103 g/L) resulted in larger floc production when interacting with colloidal particles. 
Despite the high molecular weight of cationic starch76 (1-2×106) and Chito-CTA79 (107 g/mol), the 
chord length generated by those flocculants was smaller than that of HAM copolymers. 
Additionally, the optimum dosage of HAM1 and HAM2 achieved in this study was 50 times as 
much as that reported for Chito-CTA.79 Interestingly, the high surface charge density of cationic 
chitosan78 (3.8-5.4 meq/g) was not highly efficient in removing suspended particles (i.e., calcium 
carbonate) compared to HAM copolymers with medium charge density. Overall, the results 
elucidated that the application of HAM copolymers for different wastewater treatment systems is 
promising.  
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Hydrolysis lignin was copolymerized with AM and AA to synthesize anionic copolymerized HL 
based polymers. Compared with two-component HA and HM polymers, the hydrodynamic radius 
of three-component HAM polymers was significantly larger after polymerization, indicating its 
more three-dimensional structure. The QCM studies indicated the greater adsorption performance 
of HAM polymers with a higher charge density and molecular weight, which created a more 
dissipative adlayer (i.e., more viscoelastic properties). Owing to its greater adsorption performance 
and three-dimensional structure, the bridging affinity of HAM was more remarkable compared 
with HM and HAs. However, the larger surface occupancy (153.7 Å2) and Rh (75 nm) of HAM2 
led to its higher flocculation performance than HAM1 for treating aluminum oxide suspension. 
Furthermore, HAM copolymers generated stronger flocs in aluminum oxide suspension, which 
were more resistant to the external shear forces (higher Tdf values). However, the flocculation of 
aluminum oxide particles using diblock HM and HA polymers were more reversible (lower Trf 
values). The more three-dimensional structure of HAMs, which was manifested by larger Rh and 
more intensive chain entanglement capability in aqueous solution resulted in the higher elastic 
characteristic of HAMs than diblock HM or HAs. HAM copolymers were more thermally stable 
than other polymers, which is advantageous for their application as flocculants for wastewater 
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Chapter 8: Conclusions and Recommendations for Future Works 
 
8.1 Conclusions  
 
New cationic lignin-based macromolecules were synthesized via the radical polymerization of 
kraft lignin (KL) and [2-(acryloyloxy)ethyl]trimethylammonium chloride (ATAC) or [2 
(methacryloyloxy)ethyl]trimethylammonium methyl sulfate (METAM) in a semidried 
condition for the first time, which had a similar charge densities (2.3-2.5 mmol/g) and different 
molecular weights (657× 103 and 824× 103 g/mol). The hydrodynamic radius (Rh) and radius 
of gyration (Rg) of lignin macromolecules enhanced after polymerization. The shape factor 
results (Rg/ Rh) illustrated that the structure of lignin macromolecules changed from rigid-rod 
to more flexible random coil chain after the polymerization reaction. Moreover, a strong 
correlation between the conformation of lignin polymers and their flocculation behavior was 
observed. Owing to its large surface occupancy and three-dimensional structure, KL-METAM 
had greater flocculation performance in a kaolin suspension and created larger flocs that were 
more resistant to the external shear forces.  
The conformational changes of KL-METAM and KL-ATAC also influenced the surface 
properties, self-assembly, adsorption capacity and viscoelastic characteristics of lignin 
polymers. The contact angle and surface tension of water containing KL-METAM were 
smaller compared to that of KL-ATAC. The self-assembly of KL-METAM with larger Rh was 
enhanced with time. Owing to its higher self-association capability, the destabilization index 
and settling velocity of KL-METAM solution increased progressively with increasing Rg at 
both regular and accelerated gravitations. Compared to KL-ATAC, KL-METAM deposited 





characteristic (G′) was observed for KL-METAM due to its higher chain entanglement. The 
higher Tg values of KL-ATAC proved that its molecular chain mobility was restricted due to 
the more compact conformation of the polymer, which was enhanced its rigidity.  
Hydrolysis lignin was polymerized with [3-(methacryloylamino)propyl] trimethylammonium 
chloride (MAPTAC) or [2-(methacryloyloxy)ethyl] trimethyl ammonium chloride (METAC) 
in a semidried manner to produce cationic hydrolysis lignin polymers (CHL) with similar 
charge densities, molecular weights and grafting ratios. The successful polymerization reaction 
was confirmed by 31P NMR, 1H NMR and FTIR spectra. The dipole moments of HL-METAC 
and HL-MAPTAC, were 25.9 and 16.7 D for respectively, confirming the higher polarity of 
the former CHL. In the salt and urea free systems, HL-METAC adsorbed more than HL-
MAPTAC on the surface of kaolin particles. The flocculation performance of HLMETAC was 
better than HL-MAPTAC, which was attributed to its higher polarity and more three-
dimensional structure. The addition of KCl salt reduced the flocculation efficiency of CHLs, 
however, the stronger charge interaction was observed for HL-METAC than HL-MAPTAC 
for its adsorption on the kaolin particles. In the urea containing system, the hydrophobic 
interaction of CHLs and the particles were highlighted, and HL-MAPTAC with less polarity 
showed a higher adsorption efficiency than HL-METAC. 
The polymerized kraft lignin with METAM or acrylic acid (AA) were examined for the 
removal of heavy metal ions. KL-AA was more efficient than KL-METAM for eliminating 
ionic composition (i.e., Zn2+, Cu2+, K+) from the solution due to the stronger electrostatic 
interaction, cationic π-interaction, and chelation/complexation mechanism developed between 
the polymer and ions. The dual polymer systems of KL-AA/KL-METAM was highly efficient 





followed by KL-METAM because KL-AA had a stronger affinity to adsorb ions, and then KL-
METAM could form bridges to entrap the unattached ions. The diffusion of ions into the voids 
of lignin-based flocculants enhanced the flocculation efficiency of the dual system compared 
to the singular one, which manifested by a larger aggregate size. The QCM results also revealed 
that the adsorption of ions on the KL-AA coated surface was more remarkable and generated 
a bulkier and more viscoelastic adlayer compared to that on the KL-METAM surface. 
The hydrolysis lignin (HL) was copolymerized with acrylamide (AM) and acrylic acid (AA) 
under acidic conditions to produce anionic HAM copolymers with various surface 
characteristics. The properties of the copolymers were characterized using 1H NMR, elemental 
analyser, gel permission chromatography (GPC), and thermogravimetry analysis (TGA). The 
triblock copolymer of HAM with higher charge density yielded lower surface excess density 
and adsorbed more on the Al2O3 surface, which generated a bulkier adsorbed layer. However, 
a larger surface occupancy was observed at the interface of water and QCM sensor (153.7 Å2) 
for the lower molecular weight HAM polymer, which had smaller Rh of 64.3 nm. Compared 
to diblock HL-AM (HM) and HL-AA (HA), three component HAM copolymers showed 
greater adsorption and bridging performance on aluminium oxide particles. In addition, high 
thermal stability, glass transition temperature (Tg) and rheological characteristics of the HAM 
copolymer proved its potential application as flocculant/adsorbent for wastewater treatment 
systems at a high temperature. 
Overall, the results of this research thesis suggested that the lignin macromolecules, which is 
currently an under-utilized biopolymer has potential to be valorized through free radical 






The finding of this work provided fundamental evidence on how a small group (i.e., a methyl 
group) on the structure of a cationic monomer can have a significant impact on its 
polymerization with lignin and subsequently on the physicochemical behavior lignin polymer 
in aqueous solutions. It was also revealed that the conformation of cationic lignin may alter 
from highly branched and dense structure to rigid-rod like shape by increasing the grafting 
density, which in turn have a substantial influence on their rheological properties and thermal 
behaviour. The results also proved that the polarity of lignin macromolecules originated from 
the structure of attached cationic monomers might affect their hydrogen bonding development 
and electrostatic interaction with other colloidal particles. 
The detailed interaction and adsorption behavior of metal ions on lignin- derived polymeric 
surface was investigated, which indicated the superior adsorption performance of the lignin-
based macromolecules for ions removal. This study also proved that the high molecular weight 
and charge density of triblock lignin-based polymers have great impacts on their flocculation 
performance, the properties of induced flocs and their viscoelastic performance in aqueous 
solutions and upon adsorptions. 
8.2 Future work 
 
The impact of reaction conditions on the graft polymerization of the lignin polymers should be 
investigated in detail. The results presented herein have focused mainly on the adsorption and 
flocculation performance of lignin macromolecules in model clay suspension and ion 
solutions. However, the kinetic of flocculation and floc's properties in actual wastewater 
system having different properties and compositions should be investigated to obtain more 





Hydrolysis lignin can be fractionated into water soluble and water insoluble parts. Then, the 
water insoluble fraction should be employed for polymerization reaction to develop the 
functionality as well as water-solubility of final products. Since lignin-based polymers showed 
superior thermal stability and exceptional mechanical properties (i.e., high storage modulus), 






















Chapter 9: Appendix 
 
Characterization of polymers 
The charge density of macromolecules was measured using a Particle Charge Detector (Mütek 
PCD 04 titrator, Herrsching, Germany). The samples were mixed with deionized water (20 
g/L) overnight and then centrifuged at 1000 rpm for 5 min. Afterward, 1 mL of the supernatants 
were titrated against PVSK solution (0.005 M), which helped the charge density measurement 
of soluble macromolecules. The charge density of insoluble macromolecules was also 
measured by the PCD instrument following the back titration method.1 
The elemental analysis of unmodified lignin and cationic lignin macromolecules was carried 
out using an elemental analyser (Vario EL Cube, Elemental Analyzer, Germany). In this study, 
2 mg of dried samples (at 105°C) was used to analyze their nitrogen contents. As unmodified 
kraft lignin (KL) did not have any nitrogen, the nitrogen content of the polymers is originated 
from cationic monomers attached to lignin macromolecules. The grafting ratio of ATAC and 
METAM to lignin correlates with the nitrogen content of lignin macromolecule and was 
calculated according to equation 1: 
(1) 
𝐺𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑚𝑜𝑙%)  =
𝑁
14  ×  𝑀𝑤
100 − (
𝑁
14 ×  𝑀𝑤)
× 100 
 
Where N is the nitrogen content of polymers (wt.%), and Mw is the molecular weight of ATAC 






The phenolic hydroxyl group content of KL and CKL was measured using an automatic 
potentiometric titrator, 785 Titrino. In this analysis, 0.06 g of lignin polymer were added to 1 
mL of potassium hydroxide (0.8 M). Afterwards, the sample were dissolved in 0.02 g of para-
hydroxybenzoic acid (as internal standard) and then 100 mL of deionized water was added to 
the system. After mixing, the prepared solutions were titrated against 0.1 M HCl standard 
solution. The phenolic hydroxyl group contents were calculated following equation 2:2 
(2) 
 
𝑃ℎ𝑒𝑛𝑜𝑙𝑖𝑐 ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙 𝑔𝑟𝑜𝑢𝑝 (
𝑚𝑚𝑜𝑙
𝑔
) =  
𝐶𝐻𝐶𝑙[(𝑉2
′ − 𝑉1




Here CHCl is the molar concentration of HCl, V1 and V2 are the consumed volume of HCl (mL) 
for titration of blank solutions where the first and second end points obtained, V′1 and V′2 are 
the consumed volume of HCl solution (mL) for the first and second end points when CKL 
solutions were titrated, and m stands for weight (g) of lignin samples. 
 
The molecular weight of polymers was determined using a gel permeation chromatography 
(Malvern, GPCmax VE2001 Module + Viscotek TDA305) equipped with multi-detector (UV, 
RI, viscometer, low and right-angle laser detectors) using polyethylene oxide as standard 
samples. It should be noted that the polystyrene polymers were employed as standards for 
organic system, while poly (ethylene oxide) for the aqueous system. In this study, for cationic 





NaNO3 solution was used as solvent and eluent, the flow rate and column temperature were 
adjusted to 0.70 mL/min and 35 °C, respectively.  
The cartoon model of KL-ATAC and KL-METAM chemical structure and their reaction 
scheme are proposed in Scheme A1 and Scheme A2, respectively. 
 
 














The hydrodynamic diameter of KL and CKLs was measured with the dynamic light scattering 
(DLS), BI-200SM Brookhaven Instruments, USA. The operating procedure was as stated by 
Yan et al.3 In this analysis, samples were dissolved in a 1mM KCl solution to keep the ionic 
strength of the solutions. Then, the 1 g/L of lignin solution was mixed overnight at 300 rpm 
and 25 °C. After that, the lignin samples were filtered using a 0.45 μm syringe filter. The laser 
wavelength and the scattering angle was set at 637 nm and 90°, respectively. Each analysis 
was repeated three times, and the average values were reported.  
 
The Radius of gyration (Rg) of KL and CKLs was measured with a static light scattering (SLS) 
instrument that was attached to a goniometer, Brookhaven BI-200SM, Holtsville, NY, USA. 
In this set of experiments, different concentrations of lignin solution (0.2-2 wt.%) was prepared 
in alkaline aqueous solutions (using 0.75 M NaOH) at room temperature to completely 
solubilize the lignin samples. It should be pointed out that, since the lignin macromolecules 
were not completely soluble in deionized water specially at higher concentration (i.e. above 1 
g/L) multiple solvents were used to disperse the lignin particles well, without changing their 
properties. Among them, sodium hydroxide solution was chosen to yield the largest difference 
between refractive indices. This provided the best signal at a given sample concentration.4 
The solutions were then filtered using a nylon syringe filter (30 mm diameter and 0.45μm pore 





samples were tested at different angles (15 ° - 155 °). BIC Zimm Plot software was then used 
for determining Rg of the samples.5  
Characterization of clay particles 
Surface Area 
The total surface area of kaolin particles was measured using a Quantachrome surface area 
analyzer, Nova2200e, under N2 atmosphere according to a previously established method.4 
Initially, appropriate amount of sample (0.05 g) was preheated at 250°C for 4 h. Then, the total 
specific surface area (SSA) of the samples was determined according to Brunauer–Emmett–
Teller (BET) method via Nitrogen adsorption and desorption isotherms at -180 °C while the 
relative pressure was in the range of 0.01 and 0.99.6 
Morphological analysis 
The morphology of kaolin and kaolin/CKLs was monitored using a scanning electron 
microscopy (SEM) Hitachi SU-70 Field emission with energy dispersive X-Ray analysis 
(EDX). In this analysis, appropriate amount of CKLs was mixed with kaolin suspension at 
fixed rpm for several minutes to form aggregates. Then the mixture was filtered using filter 
paper and the filtrate was collected and dried using freeze- dryer.   The freeze-dried sample 
was spread on a double side carbon tape on the specimen stubs and coated with gold. After 
scanning for 300 s, the specimen was analyzed at 5 kV for their microstructures.7  
 Adsorption 
In this set of experiments, 25 g/L kaolin suspensions were prepared by dispersing kaolin 
powder in deionized distilled water at pH 6 and the suspension was shaken overnight. Different 
amounts of cationic macromolecules were then added to the suspension in order to analyse the 





The suspensions were agitated for 30 min at 150 rpm and 30 °C in a water bath shaker. After 
incubation, the mixture was centrifuged at 4500 rpm for 10 min. 
The sample was then filtered by a filter (pore size 0.45 µm) to collect filtrate for adsorption 
test using Genesys 10 s UV–vis spectrophotometer at the wavelength of 205 nm. To satisfy 
statistical consistency, all the experiments were repeated in triplicates, and the average value 
was reported in this study. 
 
Figure A. 1 Adsorption of KL and CKLs on kaolin as a function of polymer dosage under the conditions 
of pH 6, 25 ◦C and 25 g/l of kaolin concentration. 
Surface tension and contact angle measurement  
The surface tension of KL and CKL samples were analyzed using a tensiometer (Attension 
sigma 700) equipped with a platinum loop. In this experiment, 1 g/L of CKL solution was 
prepared overnight at 300 rpm. Then, 20 mL of the prepared solutions were poured into the 





























measurements were conducted at room temperature, neutral pH and the analysis was repeated 
10 times to get an average value.  
The wettability and contact angle of CKL macromolecules in 1 wt.% aqueous solution as well 
as diiodomethane solution were measured using an optical tensiometer instrument, Theta lite 
(Biolin Scientific, Finland), which was equipped with a camera. In this set of experiments, 1 
mL of kaolin suspension (25 g/L, pH 6) was coated on glass slides using a spin coater WS-650 
(Laurell Technologies Corp), while rotating at 800 rpm. The rotation was continued under 
vacuum environment (by purging N2 gas) with 60 psi pressure for 60 s.10 Then, the kaolin 
coated glasses were dried in the oven at 60°C for 24 h. After that, a water or diiodomethane 
droplet (5μL) was placed on kaolin coated slides and the contact angle between water and 
kaolin were investigated. In another set of experiment, a droplet of CKL solutions (in 1 g/L) 
and diiodomethane was located on the kaolin coated slides (in separated runs) and the contact 
angle between droplets and coated slides was measured using the tensiometer. In this analysis, 







Figure A. 2 Plots of surface tension of aqueous solution against natural logarithm 
of concentration for KL-METAM and KL-ATAC  
 
Zeta potential 
The zeta potential of kaolin suspension in the presence of various dosages (2 to 64 mg/L) of 
cationic macromolecules was measured using a NanoBrook PALS (Brookhaven Inc., USA). 
All the measurements were carried out at a constant electric field (8.4 V/cm) and the reported 
data was the average of three repetitions.  
 
y = -3.4595x + 71.607
R² = 0.9849
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Figure A. 3 Effect of adsorbed CKLs on kaolin particles conducted under the conditions of pH 6, 25 ◦C 
and 25 g/L of kaolin concentration. 
Flocculation 
photometric dispersion analyser (PDA) 
The flocculation analysis was performed using a photometric dispersion analyzer (PDA 3000, 
Rank Brothers Ltd), which was attached to a dynamic drainage jar (DDJ) and contained a 70 
mm mesh screen. In this set of experiment, 480 mL of deionized water was poured into DDJ 
container and circulated from the DDJ to the PDA through a 3 mm plastic tube until a steady 
flow rate of 20 mL/min was obtained. Afterwards, 20 mL of a 25 g/L kaolin suspension was 
added into DDJ container while stirring at 300 rpm to achieve a total volume of 500 mL 
suspension. The pH of the total mixture was 6. The turbidity of the suspension was determined 
as elaborated in previous studies.11-16 The effect of CKL adsorption on the relative turbidity of 































Figure A. 4  Effect of CKLs adsorption on the relative turbidity of kaolin suspension conducted under the 
condition of pH 6, 25 ◦C and 25 g/L of kaolin concentration. 
 
 
Focused beam reflectance measurement (FBRM) 
The flocculation behaviour of the suspension and floc properties were analysed under different 
conditions by monitoring the chord length distribution of particles in the suspension in real 
time using an FBRM, Mettler Toledo, E25. Chord length (CL) measures distance between the 


























suspension (25 g/L at pH 6) was stirred at 200 rpm and then the laser probe (25 mm diameter) 
was placed in the mixture. After reaching steady state conditions, a desired mass of cationic 
macromolecules was added to the suspension and the mixture was stirred at 200 rpm for 4-5 
min. In order to study the re-flocculation affinity of flocs, the stirring rate of the mixture was 
increased to 700 rpm to break down the flocs, which is known as deflocculation process, and 
the agitation was subsequently decreased to 200 rpm to analyse reflocculation of broken flocs. 
Particle size distribution 
The particle size distribution of kaolin particles was determined using a MasterSizer 3000 
(Malvern Instruments). First, 1 mL of kaolin suspension (25 g/L) or lignin solution (1 g/L – at 
dosage of 16 mg/g) was added to the cell of instrument, which contained 500 mL deionized 
water and stirred at 1000 rpm. After 15 min stirring, the particle size of the samples was 
identified.  
Figure A5 displayed the particle size distribution of kaolin particles in the absence and 
presence of CKL macromolecules. Addition of CKLs increased the particle size of kaolin 
particles from 4.2 to 9.2 and 19.8 µm for KL-ATAC and KL-METAM, respectively. The 
adsorption of CKLs on kaolin particle was also broadened the size distribution of particles.  
In this analysis the radius of kaolin particles was measured for further calculation (i.e. 






Figure A. 5 Volume fraction of kaolin particles as a function of their size 
Adsorption time of flocculation  
The required time for adsorption of CKLs at different macromolecule concentration are 
tabulated at Table A1. 
 
Table A. 1 Theoretical predictions of CKLs adsorption times. 
Dosage, (mg/g) Ʈads (s) 
KL-MEAM KL-ATAC 
1 2.3 2.3 
2 4.6 4.62 
4 9.19 9.24 
8 18.41 18.48 
16 36.6 37 





















48 53.22 66.37 
64 59.56 78.43 
80 67.36 92.03 
100 81.96 108.18 
114 84.6 120.56 
128 106.38 125.15 
 
 


















KL -0.7 0 0 1.64 4.1×102 5.01 
KL-METAM   
1 0.71 2.82 53.5 0.96 2.57×10³ 16.2 
2 0.95 3.14 63.4 0.82 4.8×10³ 20.2 
3 1.45 3.38 72 0.78 2.18×10⁴ 22.8 
4 1.57 3.53 77.9 0.73 8.65×10⁴ 42.4 
5 1.8 3.6 80.3 0.71 2.23×10⁵ 102 





7 2.6 4.02 98.6 0.66 1.74×10⁶ 302.7 
8 3.43 4.25 120.7 0.6 1.11×10⁷ 468.8 
9 3.86 4.5 125.5 0.51 1.38×10⁷ 500 
KL-ATAC    
1 0.27 2.4 35.2 1.04 1.59×10³ 11.4 
2 0.55 2.91 46.2 0.99 4.5×10³ 14.6 
3 0.72 3.64 65.3 0.95 1.73×10⁴ 16.9 
4 1.23 3.93 74.4 0.91 5.47×10⁴ 26.8 
5 1.67 4.1 80.2 0.88 1.41×10⁵ 32.3 
6 1.92 4.5 95.5 0.83 5.56×10⁵ 85.9 
7 2.63 4.75 106.5 0.77 1.38×10⁶ 126.3 
8 3.02 5 118.7 0.71 1×10⁷ 187.4 
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Figure A. 6 Effect of time on the hydrodynamic radius of a) KL-METAM and b) KL-ATAC at different 
grafting ratio (The Control sample is KL). 
 

















Control 35.2 46.2 65.3 74.4
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Figure A. 8 Stability of a) KL-METAM and b) KL-ATAC conducted under conditions of 1g/L CKL 






















































Figure A. 9 Dissipation change of the sensors as a function of frequency changes upon adsorption of a) 





































Figure A. 10 (a) Theoretical adsorbed mass required for developing a monolayer CKL coverage on QCM 























































   









































Figure A. 12 Storage and loss modulus of a) KL-METAM and b) KL-ATAC at different grafting ratio and 
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Figure A. 13 Semi log plot of storage (G′) and loss modulus (G″) of CKLs at 25 °C as a function of radius 
of gyration. 
HL characterization 
Table A3 summarizes the results of quantitative 31P NMR analysis and Figure A32 presents the 
31P NMR spectra of the samples. The concentration of OH groups was estimated based on the 
hydroxyl content of the cyclohexanol (internal standard) and its integrated peak area.17 Of the 
various hydroxy groups, aliphatic hydroxy group had the most influential signal as depicted in 
Figure A32 (4.13 mmol/g). A small amount of phenolic OH group (i.e., 0.95 mmol/g) was 
observed in HL, which was very similar to the lignin of woody biomass with the following order: 
aliphatic OH > phenolic OH > carboxylic OH.18-20 The lignin source was hardwood and 31P NMR 
data (Table 1) illustrated that syringyl units (0.66 mmol/g) was more pronounced than guaiacyl 
units (0.27 mmol/g). However, p-hydroxyphenyl units was not detectable. Similar trends were also 
observed elsewhere.21,22 The minimum amount of OH group was originated from 5-5' phenolic 
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Figure A. 14 31P-NMR spectrum of a) HL, b) HL-METAC and c) HL-MAPTAC 
 
Table A. 3 Hydroxy group contents of HL and CHLs determined by 31P NMR analysis 
Sample  Phenolic OH, mmol/g  
 Aliphatic OH, 
mmol/g 
Syringyl Guaiacyl 5-5' COOH 
mmol/g 







1.81 0.4 0.25 0 0.15 
HL-
MAPTAC 
1.38 0.24 0.22 0 0.15 
 
1H NMR analysis 
The structures of unmodified and cationic hydrolysis lignin polymers were analyzed with 1H 
NMR. The samples (30 mg) were dissolved in 500 µL D2O and DMSO-d6 under stirring overnight 
and 1H-NMR spectra of samples were recorded using INOVA-500 MHz instrument (Varian, USA) 


















The Fourier transformed infrared (FTIR) spectra of HL and CHL polymers was used in analyzing 
their structures in the transmittance mode in the range of 600 and 4000 cm−1. Approximately, 0.05 
g of dried sample was used for this analysis using a Bruker Tensor 37 (Germany, ATR accessory) 
FTIR instrument. The resolution was set at 4 cm−1 and each spectrum was recorded with 32 scans. 
 
 











Figure A. 18 Adsorption of CHLs on kaolin particles as a function of polymer dosage under the 

































































Figure A. 19 Effect of urea addition on the electrophoretic mobility of CHLs conducted under the 
conditions of pH 6, 25 ◦C and 25 g/L of kaolin concentration. 
 
 
Table A. 4 Flocculation efficiency of kaolin particles in the HL-METAC, HL-MAPTAC/kaolin system (The 
flocculation efficiency was taken from Figure 2, α = 1/W)23 








































Relative turbidity analysis using Photometric dispersion analyser (PDA) 
A variation in the direct current (DC) voltage of the PDA instrument expresses the flocculation 
behaviour of kaolin particles through changing the relative turbidity of the suspension. In this set 
of experiments, the addition of kaolin suspension (20 mL) to the photocell of PDA containing 480 
mL water decreased the initial base DC voltage (V0) to a new DC voltage (Vi). After 100 s, varying 
dosages of CHLs were added to the cell to induce flocculation. This caused an increment in the 
DC voltage (Vf) of the final dispersion. The relative turbidity of the system τr was measured using 
Eq. (S1):24 







Where τf and τi are the final and initial suspension turbidity, respectively.  
 
  
Figure A. 20 Effect of CHLs adsorption on the relative turbidity of kaolin suspension conducted under the 





























Figure A. 21 Electrophoretic mobilities of kaolin particles with CHLs in aqueous suspensions conducted 
under the conditions of pH 6, 25 ◦C and 25 g/L of kaolin concentration. 
 
 
Figure A. 22 Evolution of flocculation process using different CHLs conducted under the conditions of 



















































Figure A. 23 Stability ratio W of kaolin particles in the presence of salt conducted under the conditions of 









































































































Figure A. 24  Influence of KCl concentration (0-100 mM) on the mean chord length and number of counts 




Figure A. 25 Effect of salt addition on the electrophoretic mobility of CHLs conducted under the 













































Cationic lignin polymerization  
In this set of experiments, lignin was polymerized with a cationic monomer, [2-
(Methacryloyloxy)ethyl] trimethylammonium methyl sulfate (METAM), in a semidry fashion 
(i.e., 60 wt % solid content). A 2 g sample of lignin was mixed with 4 g of water and cationic 
monomer (1.8 mol/mol METAM/lignin). Then, the pH of the lignin solution was adjusted to 
3.6±0.1, and the polymerization reaction was carried out for 3 h at 80 °C .25 After completion, the 
reaction mixture was cooled to room temperature and kraft lignin-METAM polymer (KL-
METAM) was precipitated from the reaction medium using ethanol (80 vol % in water). Further 
purification of KL-METAM precipitate was conducted via membrane dialysis for 48 h to remove 
any unreacted METAM monomer and other impurities (salt). The final product was then extracted 
from dialysis tubes and dried with a freeze drier.  
Anionic lignin polymerization 
The polymerization reaction of lignin and acrylic acid (AA) was conducted in a nitrogen 
atmosphere. A 2.0 g sample of KL was dissolved in 50 mL of water and AA (10 mol/mol of 
AA/KL). After pH adjustment (pH = 3), a predetermined amount of potassium persulfate (1.5 wt.% 
based on the mass of lignin) was added to the mixture to initiate the polymerization reaction. The 
polymerization reaction of KL and AA reaction was conducted at 80 °C for 3 h in a nitrogen 
environment.26 After reaction termination, the pH of the reaction solution was adjusted to 1.5 to 
precipitate the KL-AA from the reaction medium. The suspension was then centrifuged at 3500 





further purified using a dialysis membrane for 48 h and dried at 60 °C, and the purified KL-AA 
was collected.  
Molecular weight analysis 
The molecular weight of lignin polymers was determined by a gel permeation chromatography 
(GPC) (Malvern, GPCmax VE2001 Module + Viscotek TDA305), which was equipped with a 
multi-detector unit using polyethylene oxide polymers as standard samples. NaNO3 solution (0.1 
mol/L) was used as a solvent and eluent in this analysis; the flow rate and column temperature 
were adjusted to 0.70 mL/min and 35 °C, respectively. To measure the molecular weight of the 
cationic sample, PolyAnalytic PAA206 and PAA203 columns were used. The cationic sample was 
dissolved in acetic acid solution (10 wt.%) and filtered using a 0.2 μm pore diameter nylon filter 
(13 mm diameter). However, the anionic sample (KL-AA) was dissolved in 10 mL of 0.1 mol/L 
NaNO3 solutions. The columns of PAS106M, PAS103, and PAS102.5 were used in this analysis. 
The molecular weight of the polymers was determined using the refractive index detector of the 
GPC instrument.  
Functional group analysis 
The phenolic hydroxyl and carboxylate groups of KL, KL-METAM, and KL-AA were determined 
using an automatic potentiometric titrator, 785 Titrino. In this analysis, 0.06 g of lignin samples 
were dissolved in 1 mL of KOH (0.8 M) and then 4 mL of para-hydroxybenzoic acid (0.5 wt %) 
was added as an internal standard. Afterward, 100 mL of deionized water was added to the system 
and mixed for 2 h. The solutions were then titrated against 0.1 M HCl standard solution.27 The 
grafting ratio of KL-AA was calculated based on its carboxylate group content according to the 






The elemental analysis of KL, KL-AA, and KL-METAM was performed using an Elementar Vario 
EL Cube elemental analyzer following the procedure described in the literature.29 Approximately, 
2 mg of oven-dried (at 105°C) samples were combusted at 1200 °C to reduce the generated gasses 
for determining carbon, hydrogen, and nitrogen contents of the samples. The oxygen content of 
the samples was determined based on mass balance. The grafting ratio of METAM to lignin in 
KL-METAM was correlated with the nitrogen content of lignin macromolecule according to 
equation 1: 








× 100                   (1) 
Where N and Mw are the nitrogen content of KL-METAM polymers (wt.%) and the molecular 
weight of METAM monomer (173 g/mol), respectively. 
Charge density analysis 
The charge density of KL-METAM and KL-AA was determined using a Particle Charge Detector, 
Mütek PCD 04 titrator (Arzbergerstrae, Herrsching, Germany) via titrating against PDADMAC 
and PVSK (0.005 M) solutions, respectively. 
The nitrogen content of KL-METAM can help calculate the theoretical charge density of 
macromolecule, assuming 1 mol of quaternary ammonium groups grafted onto lignin core has 1.0 
meq charge density [2,6].26,30 Accordingly, the theoretical charge density of KL-METAM was 





reduced from 1.63 to 0.57 mmol/g illustrating that the phenolic group of lignin was involved in 
the reaction with METAM.  
Adsorption analysis using QCM 
Briefly, the QCM-D technique monitors the simultaneous changes of the resonance frequency, f, 
caused by adsorption/desorption of polymer on the solid surfaces over time. The instrument 
monitors the changes of adsorbed mass related to frequency changes, according to equation 2:31 




where m is the adsorbed mass per unit surface, C is the mass sensitivity constant of the sensor and 
n is the frequency overtone number. This equation applies to the adsorbing thin films with limited 
viscoelastic coupling from the surrounding medium.32 However, Voigt viscoelastic model is 
















































Figure A. 26 The changes in frequency and dissipation a result of model waste adsorption on a) KL-
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Figure A. 28 The effect of KL-METAM dosage (0-10 mg/L) on destabilization index of model wastewater 




















































Figure A. 29 The effect of KL-AA dosage (0-10 mg/L) on destabilization index of model wastewater a) 
























































Zeta potential analysis 





























































Figure A. 30 Zeta potential changes of adsorbed KL-METAM and KL-AA on a) ZnCl2, b) CuCl2, and c) 
KCl (wastewater concentration 10mM, 25 °C) 
Stability analysis in a mixed system 
 
Figure A. 31 The effect of lignin-based polymers on destabilization index of mixed model wastewater 




















































Scheme A. 2 Proposed reaction scheme of polymerization of HL with AA, AM and AA/AM initiated by 
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Figure A. 32 1H-NMR spectra of a) HL, b-c) HA, d) HM and e-f) HAM polymers. 
 
Figure A. 33 Dissipation change of the sensors as a function of frequency changes for adsorption of 
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Figure A. 34 Surface tension of HAM polymer solution versus natural logarithm of concentration  
 
 
Table A. 5 Properties of the DSC analysis. 
Sample Tg, °C Cp, (J/g°C) 
HL 137.67 0.2147 
HM 151.23 0.1912 
HA1 152.61 0.2125 
HA2 150.34 0.1843 
HAM1 181.74 0.0954 




y = -3.0942x + 72.236
R² = 0.9685
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Figure A. 35 Zeta potential of aluminium oxide particles in the presence of HL, HM, HAs and HAMs as a 














































































































Figure A. 36  Normal-weighted chord length distribution of particles in aluminum oxide suspension at 















































 Table A. 6 Several weighting moments of the chord length distribution at 2.4 mg/g aluminium 
oxide/lignin polymers 
Sample Unweighted, µm Square weighted, µm Cube weighted, µm 
HL 12.3 28 49.2 
HM 15.7 39.9 60.7 
HA1 14.2 38.5 54.8 
HA2 16.8 48 84.2 
HAM1 17.8 55 100.3 
HAM2 18.5 57 126.2 
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